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Characteristics and purification of an oxygen insensitive
azoreductase from Caulobacter subvibrioides strain C7-D
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An azo dye-degrading bacterium, Caulobacter subvibrioides strain C7-D, semi-constitutively produces an azoreduc-
tase that reduced the azo bond of the dyes Acid Orange (AO) 6, AO7, AO8, AO12, Acid Red (AR) 88, AR151, and
Methyl Red (MR). This activity was oxygen insensitive. Of the dyes tested, AO7 was the best inducer and the most
rapidly reduced substrate suggesting that dye AO7 most closely mimics the natural physiological substrate for this
enzyme. The K, for AO7 was 1 uM. Purification of the azoreductase from  C. subvibrioides strain C7-D was achieved
through dye-ligand affinity chromatography using the dye Orange-A covalently coupled to an agarose support. The
azoreductase is approximately 30 kDa and enzyme studies indicate a single azoreductase. The optimal activity, pH,
cofactor usage, substrate specificity, molecular weight and K., characteristics of the enzyme set it apart from other
known oxygen-insensitive azoreductases.
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Introduction isms vary in their activity and specificity [10,11,30,34].

. . . Though there are some reports of oxygen-insensitive azo-
Azo, anthraquinone and triarylmethane synthetic dyes Arteductases, there is very little information available on the

used for textile dying, paper printing and color photogra- =" ..~ "~ o
phy, with azo dyes representing the largest group of indusp3u2f'cfg%q ?I_T]d ct;aracﬁenzatgp q of these e”ZV”."b?S
trial dyes both in number and amount produced [37]. Azo[ ,15,19,21]. The only other purified enzyme responsible

dyes are characterized by a chromophoric azo group reé%ﬁlgsggggtgf ;S:cﬁﬁ:?tf?gf 3u5n]der aerobic conditions has

reseried by the nitrogen to nitrogen double. bond In this study the substrate specificity of the azoreductase
(_N._N_)' These dyes are not read!l_y_degradable N CON% om Caulobacter subvibrioidestrain C7-D was investi-
ventional wastewater treatment facilities [1,2]. Further-

more, azo dyes have been reported to be inhibitory to re jated, the effect of dye concentration on enzymatic activity

S . , ) ; as evaluated and the possibility of the existence of more
piration of microorganisms in actlvated_ sludge [8’27’28].'than one azoreductasep was e)>/<plored. Eleven azo dyes
This dye toxicity reduces the concentration of heterotrophlc(Figure 1) were used to check for inducibility of azoreduc-
bacterial populations, thereby decreasing the overall min;

o : : : : ase activity. The azoreductase was purified using dye-
eralization of organic compounds, including degradation Ofltigand chromatography. The enzyme was characterized by

dyes [23,24]. Incomplete metabolism of azo dyes, part, on-denaturing and sodium dodecyl sulfate polyacrylamide

cularly under anaerobic conditions, can lead to increase : ! . ;
levels of mutagens and carcinogens in the environmergglmgﬁcgr?glggirgs's (SDS-PAGE) and partial amino acid

[6,8,26].
Though it was generally assumed that azo dyes can be

degraded only anaerobically, there have been some receltaterials and methods

reports of aerobic degradation of azo dyes [3'10’15’19’29]Culture maintenance

Microbial decolorization of azo dyes often involves initial ; X oo .
reductive cleavage of the azo linkage [16,17,20,21]. Wh“eBacterlaI strainCaulobacter subvibrioidestrain C7-D was

h . . - solated from culture C7, a consortium of two very closely
under anaerobic conditions incomplete metabolism of théelated azo dye-degrading strains supplied by Dr JC Loper,

resulting m li r robic microorganisms may, . . . X :
esulting metabolites occurs, aerobic microorganisms a&mversﬂy of Cincinnati. C7 was described in earlier

further oxidize the reduced products via deamination and/o : ot
hydroxylation reactions [16,18]. Though aerobic bacterialreloortS as a Gram-negative rod most closely relat

degradation of most azo dyes is difficult to achieve [32]'Iobacter subvibrioides[12]. This strain was originally

. . : ; btained from a municipal wastewater treatment facility
some dyes are less recalcitrant in aerobic environments tha%npacted by the dye industry [12]. The cultures were grown

others [31,34]. Azoreductases isolated from different Or9aN, hder standard conditions at room temperature in liquid or
solid media. A modified Hutner’s mineral base medium was
used with the following wt/v concentrations: 0.1% MH,
Correspondence: R Mazumder, Department of Biology, Virginia Polytech-g 2704 KH,PO,, 0.2% NaHPQ,, 0.1%b-glucose, and 0.1%
nic Institute and State University, Blacksburg, VA 24061, USA ' ' . ' )
3Current Address: Biotechnology, Technical Operations, Merck & Co, Inc,V/\_/ glycerol. To prepare 1L of mec,“um_’ 20 ml of Hutngr S
PO Box 7, Rt 340 South, Elkton, VA 22827-0007, USA mix was added to 980 ml of Hutner’'s mineral base medium.
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acetic acid in 800 ml distilled water and neutralized to pH15512, EC 20.5, IP 475 nm; Acid Orange 12, AO12, ClI 477

7.0. Then the following were added: Mg$@H,0O 14.45g, 15970, EC 16.5, IP 482 nm; Acid Orange 52, AO52, ClI
CaCL-2H,0 3.33g, (NH)¢M0,0,,24H0O 9.25¢g, 13025, EC 42.5, IP 507 nm; Acid Red 27, AR 27, CI
FeSQ-7H,0 0.099 g, Metals-44 mix 50.0 ml, distilled,B 16185, EC 21.9, IP 521 nm, Acid Red 88, AR88, Cl 15620,
to 1000 ml. The final pH was adjusted to 7.0. Metals-44EC 20.1, IP 505 nm; Acid Red 151, AR151, CI 26900, EC
mix contained EDTA 150.0 mg, ZnSOH,0 1095mg, 13.7,IP 512; Acid Yellow 9, AY9, CI 13015, EC 13.7, IP
FeSQ-7H,0 500 mg, MnSQH,O 154 mg, CuS@5H,0 480 nm; Methyl Red, MR, CAS 845-10-3, EC 24.6, IP
39.2mg, Co(NQ@,6H0 24.8mg, NaB,0;-10H0 408 nm. Azo dyes were obtained from Sigma Chemical Co,
17.7 mg, three drops (0.3 ml) 6 N,BHO, and distilled HO St Louis, MO, USA, and further purified by the method
to 100 ml. When grown in liquid mediun@. subvibrioides of Tabor [22,33]. Dye stock solutions were maintained in
C7-D was grown in 250-ml volumes in 2-L flasks shakenphosphate buffered saline (8.0 g NaCl, 0.2 g KCI, 1.15¢g
at 150 rpm to ensure thorough aeration. This was done tbla,HPQ,, 0.2 g KH,PO, L™ of distilled water). The dyes
ensure that there was enough head space for the cells to beed in the induction experiments were added to the mini-
well aerated. Incubation was terminated at late log phasenal medium to a concentration of 60 mgtLTo get a rela-
for preparation of crude cell extracts. Prior to inoculation,tive value of induction or inhibitionC. subvibrioidesC7-
strain purity was determined by streaking the culture orD cells were also grown without any inducer and the crude
minimal medium agar plates containing 80 mg' lof the  extract was assayed for enzymatic activity.

dye AO7. Colony morphology and ability to clear the dye

were used as indicators of strain purity. Stock cultures wer&nzymatic assay

routinely sub-cultured in liquid and solid medium to ensureA protein assay based on the method of Bradford was used

a steady supply of the strain. to determine the protein concentration of the crude cell
extracts [4]. The supernatant obtained after centrifuging the
Dyes used cell debris away was used to measure the disappearance

In this study eleven azo dyes were tested (Figure 1) andf the dye over time The monitored wavelength was the
the common names of the dyes are used as a matter absorption maximum for the particular dye being tested.
convenience. The names, abbreviations, Color Inde¥Xhosphate buffered saline solution (PBS) was utilized as
(Ch/Chemical Abstracts Service Registry numbers (CAS)an absorbance ‘blank’. The reaction mixture consisted of
Extinction Coefficients (EC) and their specific IsosbesticB00ul of 50 uM dye solution, 10Qul crude cell extract,
Points (IP) are as follows, respectively [13]: Acid Orangeand 100ul of freshly prepared 1 mM NADH. The NADH

6, AO6, CI 15509, EC 18.5, IP 490 nm; Acid Orange 7,was prepared in 10 mM Tris-HCI buffer (pH 7.2), added to
AO7, Cl 15510, EC 17.0, IP 483 nm; Acid Orange 8, AOS8, the cuvette and mixed gently to initiate the reaction. Alter-
Cl 15575, EC 15.0, IP 490 nm; Acid Orange 10, AO10, Clnatively, freshly prepared 1 mM NADPH was added to the
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Figure 1 Chemical structures of the azo dyes used.
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reaction mixture. FMN could not substitute for NADH or sodium phosphate buffer containing 1.0 mM EDTA and 0.1
NADPH (data not shown). Change in absorbance of thenM dithiothreitol (DTE).

reaction mixture was monitored for 5 min. One unit (U) A fast-performance liquid chromatography (FPLC)
of azoreductase activity is defined as the amount yieldin@pparatus was contained in a refrigerator maintainedGt 4

reduction of 1umol of the dye min. The extract was passed through an Orange-A (Amicon Cor-
poration, Beverly, MA, USA) column (30cm1.5cm)

Measurement of effect of induction on enzymatic previously equilibrated with 50 mM sodium phosphate

activity buffer (pH 7.2). The dyematrix gel in the column was com-

All steps were carried out under aseptic conditions until thgposed of triazinyl dye immobilized on a 6% cross-linked
cell pellet was extracted. A loop full of. subvibrioides agarose. The flow rate was maintained at 30 mlamd 2-
C7-D (late log or early stationary phase) was added to 5 minl fractions were collected. Elution was monitored by an
of minimal medium in a 30-ml screw-top test tube. Thein-line UV detector at 254 nm which was connected to a
tubes were shaken on a Burrell wrist action shaker at settinghart recorder. The fractions containing azoreductase
35 for 24 h at 28C. The 5-ml broth was then transferred activity were pooled. Ultrafiltration (Filtron Corp,
to 240 ml of minimal medium in 2-L flasks, prepared asNorthborough, MA, USA) was performed and fractions
described above. Filter sterilized azo dye in 5 ml PBS wasvere again assayed for activity. Gel electrophoresis under
added after 3 h of incubation to a final concentration ofnative and denaturing conditions was performed by the
60 mg L. Flasks were incubated with shaking at 150 rpommethod of Zimmermaet al [35] with slight modifications.
at 28C for 36 h. The pellet was washed twice with PBS- The molecular mass was estimated with markers (10 kDa
EDTA to remove any metals which might hinder enzymaticProtein Ladder; Gibco BRL, Grand Island, NY, USA). For
activity during the enzyme assays. The pellet was agaitocalization of the azoreductase in the gel, activity staining
resuspended and washed in PBS to remove traces of EDTAf the gels was performed [35]. The enzyme was run, under
and the cells were harvested following the above procedureative conditions, for 3.5h at a constant current of
[25]. The supernatant was discarded and the bacterial cell2 mAmp and stained with a solution of 281 AO7 in 20
aggregate was re-suspended in 1 ml of PBS and was disaM HEPES. After staining, the gel was incubated in a sol-
rupted by sonication (Braun-Sonic U). The beaker containution of 10 mM NADH. Azoreductase activity was shown
ing the cells was placed in ice during sonication to minim-by clearing of the AO7 dye in the gel. The azoreductase
ize temperature increase during sonication. Three 15-bands from activity gels were excised and treated with 2 ml
bursts at an interval of 5 min at 187 watts and 60 Mhz fre-of an 8 M urea solution for 5 min, after which they were
quency were sufficient to disrupt the cells. The resultantoaded on a nondenaturing gel similar to the previous gel.
extract was centrifuged at 20 08Qy at 4°C for 60 min.  For amino acid analysis, following electrophoresis, the azo-
The supernatant was transferred to pre-cooled microcentrieductase was transferred onto a polyvinylidene difluoride
fuge tubes with pre-cooled transfer pipettes (Fisher ScientPVDF) membrane per the manufacturer’s instruction (Bio-
tific, Fairlawn, NJ, USA). The microcentrifuge tubes were Rad Laboratories, Hercules, CA, USA). Bands on the
then centrifuged at 20 000g at £C for 20 min in an PVDF membrane were hydrolyzed in 6 N HCI at @0
Eppendorf 5415 C microcentrifuge to remove the remainfor 18 h, and analyzed with a Beckman 6300 amino acid
ing cell debris. The supernatant was collected for purifi-analyzer. Following SDS-PAGE, gels were stained with
cation procedures and enzyme assays were performed @®omassie brilliant blue (Bio-Rad) [25].
described above. Michaelis—-Menten constars) (were
determined from Eadie—Hofstee plots [9]. TKg was cal- Results
culated only from the linear reduction rates.

Effect of dye in growth medium
Enzyme purification and analysis Results of the effect of dye in growth medium indicate that
C. subvibrioides<C7-D cells were grown in 3 L of modified enzymatic activity depends on the inducer/inhibitor that
Hutner’'s mineral medium containing 60 mgi1AO7, with  was used while growing the cells in minimal medium
shaking till mid-log phase. The cells were harvested by cenfTable 1). The decrease inumol dye mintg? of
trifugation, washed three times with 0.1 M sodium phos-proteinx 10 (U g x 10) was calculated to compare the
phate buffer, pH 7.0. The pellet was re-suspended in a minirate of dye utilization byCaulobacter subvibrioide€7-D
mal volume of buffer and the cells were broken by sonicazoreductase when induced or inhibited by various azo dyes
oscillation as described above. The resulting extract wag¢Table 1). The fastest reduction of the azo dye AO7
centrifuged (37 50& g) at 4°C to pellet the cellular debris. (999 U g* x 10) occurred whel. subvibrioide<C7-D was
The supernatant was transferred to pre-cooled centrifugmduced by the dye. The slowest reduction of the AO7
tubes and 2% protamine sulfate solution was added toccurred when it was induced by AY9 (232 U'g 10). A
0.2 ml mf?* of extract with constant stirring. The resultant sterile minimal medium solution with dye was used as a
milky extract was agitated gently in an ice bath for 15 min,control to monitor non-enzymatic azo bond reduction. No
after which the extract was centrifuged again at 37 @0 such instance occurred in any of the experiments. Activity
for 20 min. The pellet was discarded and solid ammoniunof the enzyme extracted fro@. subvibrioidesC7-D cells
sulfate was added to a concentration of 65% with constanivhich had not been induced by any dye was assayed
stirring on ice for 15 min. The resulting suspension was(536 U g* x 10) to get the relative values of induction or
then centrifuged at 20 000g and the supernatant dis- inhibition (Table 1). Values greater or smaller than 10% of
carded. The pellet was resuspended with a 1:1 volume dhe azoreductase activity when no dye was present were
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Table 1 Substrate specificity and induction patternsGzfulobacter subvibrioidestrain C7-D azoreductase 479
Inducer Specific activity (U of protein)x 10 on:
AO6 AO7 AO8 AO10 A012 AO52 AR27 AR88 AR151 AY9 MR
AO6 6 652 125 a 65 - - 63 80 - 4
AO7 8 999 128 — 91 - - 163 185 - 4
AO8 8 699 104 - 83 - - 85 83 - 4
A010 4 571 91 - 48 - - 48 95 - 7
A012 6 724 177 - 96 - - 63 154 - 4
A052 6 448 130 - 46 - - 17 26 - 3
AR27 4 513 157 - 102 - - 47 41 - 5
AR88 6 732 115 - 92 - - 92 87 - 4
AR151 4 559 147 - 93 - - 44 102 - 7
AY9 7 232 70 - 34 — - 16 15 - 3
MR 4 357 94 — 49 - — 29 59 - 3
None 2 536 120 - 58 - - 58 189 - 3

@Activity not detected.

arbitrarily considered to be a result of induction or inhi- ing of dye to cellular protein, resulting in a fluctuating rate
bition. Dyes AO6, AO7, AO8, AO12 and ARS88 induced of decolorization over a broad range of substrate concen-
azoreductase activity against AO7. There was an inhibitiortrations.
of enzymatic activity against AO7 when AO52, AY9 and
MR were present in the culture media. Azo dyes AO10,
AR27, and AR151 had no effect on the enzymatic activity Purification of the enzyme
against AO7. Comparing the above results with the rate of. subvibrioidesC7-D azoreductase was purified 432-fold
utilization for other dyes showed that there is a correlationwith a 20% yield using dye-ligand affinity chromatography
among the different rates of reduction. A decrease ofTable 3) with an isocratic elution. Active fractions were
increase in the rate of one dye utilization is proportionatelyisolated with 1 M KCI in 20 mM HEPES buffer. The mol-
reflected in the degradation rates of the other dyes when thecular weight of the pure enzyme was established by SDS-
same inducer was used. AR151, however, did not exhibiPAGE to be approximately 30 kDa.
proportional activity. This difference is speculated to be due Denaturing gels of enzyme extracts before and after
to the presence of two azo bonds in AR151. FPLC were run in order to depict the increase in purifi-
For cells grown in the presence of AO7, the rate of azo-cation achieved. Azoreductase activity was verified before
reduction over time was highest with the azo dye AO7electrophoresis. The location of the active enzyme was indi-
(Figure 2a). For AOS8 there was an initial increase then aated by a clear zone (Figure 3). Activity gel was excised
slow but steady decrease in velocity (Figure 2b). Wherand blotted onto PVDF membrane for amino acid analysis.
AO12 was the substrate, the reaction velocity remainedictivity gels showed the presence of two overlapping
constant for a wide range of substrate concentrations (datsands. The azoreductase could use both NADH and
not shown). Enzymatic activity on AR88 when induced by NADPH as cosubstrates. NADH was more efficient in this
AO7 was similar to the activity on AO7, except that the respect (data not shown). The enzyme had a pH optimum
increase in velocity was gradual (Figure 2c). When AR151between pH 6.0-7.5.
was the substrate the velocity of the reaction had two peaks Figure 3 shows an activity gel and a denaturing gel.
presumed to represent the break down of the two azo bondghough there appeared to be two overlapping bands in the
at different concentrations of the substrate (Figure 2d). activity gel, denaturing gels exhibited only one band
(Figure 3). The two overlapping bands could be due to dif-
Effect of more than one dye on enzymatic activity ferently migrating forms of the same enzyme. The kinetic
Kinetic studies were conducted by monitoring color disap-data in Table 1 also suggest a single azoreductase, corrobor-
pearance spectrophotometrically. The Eadie—Hofstee plaiting the presence of one azoreductase. Table 4 illustrates
of velocity against velocity/substrate concentration washe results of a composition analysis of the azoreductase.
used to determine thi€,, values [9]. In all experimentk,,  The azoreductase was rich in hydrophilic residues, with
was calculated only from linear reduction rat&s, values these residues accounting for approximately 57% of the
of 1, 93, 3 and 4«M were obtained for AO7, AO8, AR88 detected amino acids. The major hydrophilic residues are
and AR151 respectively for C7-D cells grown with AO7 glycine 16%, glutamate and glutamine 16% and aspartate
as the inducer in the culture medium (Table 2). Additionand asparagine 11% of the detected amino acids. Alanine,
of AO8, AR88 or AR151 in equimolar concentrations to a hydrophobic residue, comprised approximately 11% of
AO7 increased the appareldt, (assayed at the absorption the detected amino acids. Cysteine and tryptophan are arti-
maximum of AO7) of the enzyme for AO7 reduction sug- ficially listed as 0% because cysteine was not modified for
gesting competitive inhibition (Table 2). Determination of detection and tryptophan was destroyed under the hydroly-
the K,,, value for AO12 was not successful as there was arsis conditions. Proline and methionine were not detected
extended lag period. This could be due to non specific bindunder the assay conditions used.
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Figure 2 Azoreductase activity on AO7 (a), AO8 (b), AR88 (c) and AR151 (d). Abscissas represent dye concentration. Each data point represents t
mean from three different experiments. The assay is described in the text.

Table 2 ApparentK,, values for reduction of the azo dyes Baulo- o
bacter subvibrioidesC7-D azoreductase. Substrate concentrations arel@Ple 3 Azoreductase purification summary
detailed in the text

Purification step Total Total Specific  Yield Purification
Substrate Wavelength (nm) Inducer K (uM) aC(t'V)'ty protein (g) (aCthJ;y (%) (fold)
U ug
AO7 483 AQ7 1
AO8 490 AO7 93 Crude 79.1 049 161 100 1.0
ARS8 505 AO7 3 Protamine sulfate ~ 59.8 0.23 260 75 1.6
AR151 512 AO7 4 65% (NH,),SO, 53.2  0.0387 1375 67 8.6
AO7 483 none 4 75% (NH,).SO, 45 0.0224 2009 56 12.6
AOS 490 none 450 FPLC 16 0.00023 69565 20 432.1
AR88 505 none 9
AO07-AO8 483 AO7 12
AO7-AO8 490 AO7 8
AO7-AO88 483 AO7 3
AO7-AR88 505 AO7 10 kDa
AO7-AR151 483 AO7 32
AO7-AR151 512 AO7 34
: _ n—»
Discussion

The C7-D azoreductase catalyzed the initial step in the oxy-
gen-insensitive reduction of seven of eleven tested azo
dyes. Azo dye AO7 was the best inducer indicating that it
might be the physiological substrate for the enzyme. Azo-
reductase activity was cell associated as activity was not
detected in the culture supernatants either in the presence
or absence of the dy_es. The en_zyme .WaS inhibited at hlgEigure 3 Activity staining of nondenaturing gel (left) and coomassie
AO7 concentrations in the reaction mixture. Azoreductaseyiliiant blue staining of SDS-PAGE gel (right) of purifiedaulobacter
activity decreased when the concentration of substrate wasibvibrioidesC7-D azoreductase.
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Table 4 Amino acid compositional profile of the azoreductase pletely stopped the enzymatic activity [35]. For Orange | 481
_ azoreductase purified froPseudomonasp K24 a hydroxy
Name Mole % Amount/protein group in the ortho position was essential for enzymatic

action. Substitution of the napthol moiety by an anthranol

pox v 32 ring led to a moderate decrease in activity. A hydroxy
Ser 758 21.806 group in the para position completely stopped enzymatic
Glx 15.49 44576 activity [34]. Work on azo dye-degrading extracellular
Pro 0.00 0.000 enzymes from the lignolytic fungughanerochaete chryso-

Gly 15.75 45.331 sporiumand the bacteri&treptomycesp andFlavobacter-

Ala 11.08 31.890 ;

val 5.43 15.637 ium sp revealed that extracellular enzymes are also sub-
Met 0.00 0.000 strate-specific [3,7,11].

lle 4.80 13.798 In this study we found that th€. subvibrioidesC7-D

Leu 8.53 24.540 azoreductase acted specifically on certain azo compounds.
Prfe 23;1085 69-297137 The efficiency with which the enzyme reduced the 11 test
His 2.00 5756 azo dyes suggests the structural features required of the
Lys 2.84 8.182 substrates by the azoreductase. A hydroxy group at the 2-
Arg 4.75 13.672 position of the naphthol ring as in AO7 and AOS8 (Figure 1,
%yps 8-88 8-888 2a and 2b) allowed the enzyme to act on the azo bond.

Charged groups in proximity to the azo group hindered
enzymatic activity (AO10, AO12, AR27 and AY9). Elec-
tron withdrawing sulfo (S®) groups on the phenyl group
increased from 5@M to 250 uM (data not shown). The appeared to accelerate the reaction (AO7, AO8, AR88 and
C. subvibrioidesC7-D azoreductase was semi-constitut-AR151), and an electron-donating group in proximity to
ively expressed as shown by activity in the absence of athe azo group retarded the reduction (AO10). Sulfo groups
inducing dye substrate (Table 1). This contrasts with azoapparently had a dual role in its electron withdrawing
reductases purified frorRseudomonasp KF46,Pseudo- power as well as a charged group role. AR27 was not
monassp K24, Pseudomonasp AZR1 andKlebsiellasp  reduced as it has three charged $9@roups which had
AZR2, all of which were fully inducible [10,35]. The azo- negative contribution towards azo bond reduction. AR88
reductase fronBacillus subtilisappeared to be synthesized was reduced as it has only one charged group permitting
independently of the presence of the dye [36]. the azoreductase to act on its azo bond (Figure 2c¢). AR151
Previous research oRseudomonastrains, Klebsiella  has two azo bonds which were reduced at different concen-
strains, Bacillus subtilis Shigella dysenterige Hydro-  trations resulting in two distinct peaks (Figure 2d). When
genophaga palleronji Flavobacterium sp, Streptomyces the structure had only phenyl rings (AO6, AO52, AY9 and
strains andPhanerochaete chrysosporiutmas described MR), then the electron withdrawing groups did not acceler-
various oxygen-insensitive azoreductases [5,7,14,30,31,343te the reaction, instead the charged factor of those groups
The azoreductases are usually substrate-specific and tkdeminated the outcome of the reaction, ie retardation of the
ease with which these enzymes act on azo bonds dependazymatic activity. Azo dyes AO6, AO52 and AY9 were
on the presence or absence of certain functional groups artdus not reduced, whereas the azoreductase acted weakly
their position relative to the azo linkage. The azoreductasen MR which has no charged substituents on one of its
from H. palleronii and Pseudomona&24 cannot degrade phenyl rings.
Orange Il (AO7) but can easily degrade other dyes [3,34]. FPLC elution results, activity profiles and denaturing
On the other hand the azoreductase from strain C7-Dgels suggest that there is only one azoreductase present,
Pseudomona¥46, or Shigella dysenteria€lype 1 can despite the presence of two bands on activity gels. The
break the azo bond in AO7 [11,35]. Sometimes an organisnenzyme could be present in two confirmations, each with
can have more than one azoreductase which can catalyits own migration pattern (Figure 3). This hypothesis is cor-
the reduction of specific dyes. Azoreductase | but not azoroborated by the presence of a single band in denaturing
reductase Il fronS. dysenteriadype 1 acts on Amaranth SDS-PAGE gels (Figure 3) and the existence of a positive
(AR27) though the other three substrates tested could beorrelation between the rates of specific activity of AOBG,
reduced by both the azoreductases [11]. Zimmeretaal AO7, AO8, AO12, AR88 and MR, regardless of which sub-
[34,35] studied the intracellular azoreductases and foundtrate cells were exposed to during growth. Inducibility data
that the azoreductases BSeudomonasp were varied and further suggest that th@. subvibrioidesC7-D azoreductase
substrate specific. There were aromatic ring substitutioms genetically controlled by a single mechanism.
patterns which made certain dyes susceptible to enzymatic This research provides an insight into the degradative
attack [34,35]. For Orange Il azoreductase purified fromcapabilities ofC. subvibrioidesC7-D. This is believed to
Pseudomonasp KF46, a hydroxy group in the para pos- be the first report of purification and characterization of an
ition of the napthol ring relative to the azo group, methyl azoreductase fronCaulobacter Though theC. subvib-
group in the ortho position and electron withdrawing rioides C7-D 30-kDa azoreductase has approximately the
groups on the phenyl ring accelerated the enzymatic attaclsame molecular weight as the Orange Il azoreductase pur-
A hydroxy group in the ortho position and sulfo and/or ified by Zimmermaret al [35], the two azoreductases differ
phospho groups in proximity to the azo group and a seconth many respects. The two enzymes differ in their patterns
polar substituent on the dye molecule hindered or comef induction, activity ranges and substrate specificity. The
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specificity of induction was much narrower for the Orange 8 Chung KT and C E Cerniglia. 1992. Mutagenicity of azo dyes: struc-
Il azoreductase that Zimmermaet al purified [35] com- ture activity relationships. Mutat Res 277: 201-220.

e 0o 9 Cornish-Bowden A. 1996. Enzyme kinetics: plotting methods. In:
pared to the specificity of theC. subvibrioidesC7-D Enzymology Labfax (PC Engel, ed), pp 77113, Academic Press, San

inducers. Affinity of the C7-D azoreductase for AO7  Diego, CA, USA and BIOS Scientific Publishers, Oxford, UK.

(K, =1 uM) was different from the affinity of the Orange 10 Dykes GA, RG Timm and A von Holly. 1994. Azoreductase activity

| (K, =2.6uM) [34] and Orange 1K, =1.5 MM) azored- I/Q b?cEteria as?\;la_ciatg_d I\Nétg tggzg;re;gzigg of instant chocolate puddings.
P . nviron Microbiol 60: - .

uctases toward their primary substrates [35]' With AO8 thell Gphrz)sh DK, A Mandal and J Chaudhuri. 1992. Purification and partial

Km values were 93M and 1.3uM for C7-D azoreductase characterization of two azoreductases fr6higella dysenteria@ype

and Orange Il azoreductase respectively [35]. An 80-fold 1. FEMS Microbiol Lett 98: 229-234,

increase in the Orange Il azoreductase activity wag?2 Govindaswami M, TM Schimdt, DC White and JC Loper. 1993.

observed wherPseudomonasp KF46 was induced by ggg{gﬂi?i@%,aggg_'zoo&a bacterial aerobic degrader of azo dyes. J

Orange II (AO7) [35], compared to a 2-fold increase in 13 Green FJ. 1990. Sigma—Aldrich Handbook of Stains, Dyes and Indi-
C7-D azoreductase activity upon induction by the apparent cators. Aldrich Chemical Company, Milwaukee, WiI.

primary substrate. The C7-D azoreductase had a pH optit4 Heinfling A, MJ Martinez, AT Martinez, M Bergbauer and U
mum between pH 6.0—7.5 which is a narrower range than Szewzyk. 1998. Transformation of industrial dyes by manganese per-

. : e oxidases fronBjerkandera adustand Pleurotus eryngiin a manga-
the 5.0-8.0 optimum of Orange Il azoreductase purified by nese-independent reaction. Appl Environ Microbiol 64: 2788-2793.

Zimmermanet al[35]. The specific activity of C7-D azore- 15 Heiss GS, B Gowan and ER Dabbs. 1992. Cloning of DNA fRimo-
ductase when AO7 was the substrate, was 7.8 times higher dococcusstrain conferring the ability to decolorize sulfonated azo
than the specific activity with AO8, whereas for Orange dyes. FEMS Microbiol Lett 99: 221-226.

Il azoreductase the difference in activity between the twoté Hooper SW. 1994. Biodegradation of sulfonated aromatics. In: Bio-
logical Degradation and Bioremediation of Toxic Chemicals (GR

substrates V\_/as Onl_y 1.1times. There was a r_|s}én|n7v_hen Chaudhry, ed), pp 169-182, Dioscorides Press, Portland, OR.
AQO7 was mixed with AO8, AR88 or AR151 in equimolar 17 |daka E, T Ogawa, C Yatome and H Horitsu. 1985. Behaviour of
amounts (Table 2). This suggests that there was competitive activated sludge with dyes. Bull Environ Contam Toxicol 32: 729-734.
inhibition by substrates AO7-A08, AO7-AR88, and 18 Idaka E, T Ogawa and H Horitsu. 1987. Oxidative pathway after
AO7—-AR151 reductions ofp-aminobenzene biseudomanas cepaciBull Environ
) . . Contam Toxiciol 39: 108-113.

These _data contribute to our ur_ld_e_rstandm_g of azo dyeg Jiang H and PL Bishop. 1994. Aerobic biodegradation of azo dyes in

degradation and suggest the possibility of using azoreduc- nbiofims. Water Sci Technol 29: 525-530.

tase as part of an at-source wastewater pretreatment systeP, Kulla HG. 1981. Aerobic bacterial degradation of azo dyes. In:
assuming that cofactor requirements could be met. This pre- Microbial Degradation of Xenobiotics and Recalcitrant Compounds

: (Leisinger T, Cook AM, Hutter R and Nuesch J, eds), pp 387-399,
treatment could remove azo dyes from textile wastewater Academic Press, London, UK.

before it is sent to conventional waste treatment. 21 Kulla HG, F Klausner, U Meyer, B Ludeke and T Liesnger. 1983.
Interference of aromatic sulfo groups in microbial degradation of azo
dyes Orange | and Orange Il. Arch Microbiol 135: 1-7.
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