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Abstract

Azo dyes are a predominant class of colourants used in tattooing, cosmetics, foods and consumer
products. A gene encoding NADPH-flavin azoreductase (Azol) from the skin bacterium
Staphylococcus aureus ATCC 25923 was identified and overexpressed in Escherichia coli. RT-
PCR results demonstrated that the azoZ gene was constitutively expressed at the mRNA level in S.
aureus. Azol was found to be a tetramer with a native molecular mass of 85 kDa containing four
non-covalently bound FMN. Azol requires NADPH, but not NADH, as an electron donor for its
activity. The enzyme was resolved to dimeric apoprotein by removing the flavin prosthetic groups
using hydrophobic-interaction chromatography. The dimeric apoprotein was reconstituted on-
column and in free stage with FMN, resulting in the formation of a fully functional native-like
tetrameric enzyme. The enzyme cleaved the model azo dye 2-[4-
(dimethylamino)phenylazo]benzoic acid (Methyl Red) into A, A-dimethyl-p-phenylenediamine
and 2-aminobenzoic acid. The apparent Ky, values for NADPH and Methyl Red substrates were
0-;074 and 0-057 mM, respectively. The apparent Vs was 0-4 pM min~1 (mg protein)~1. Azo1l
was also able to metabolize Orange Il, Amaranth, Ponceau BS and Ponceau S azo dyes. Azol
represents the first azoreductase to be identified and characterized from human skin microflora.

INTRODUCTION

Azo dyes are characterized by one or more R1-N=N-R, bonds and are enzymically
metabolized to aromatic amines by reductive mechanisms in prokaryotic and eukaryotic
organisms (Nakayama et al., 1983). There are thousands of synthetic azo dyes used in the
textile, pharmaceutical, cosmetics and food industries, of which more than 500 contain
potentially carcinogenic aromatic amines in their chemical formulation (Platzek et al.,
1999). When these compounds enter the human body through ingestion of food, dermal
contact and inhalation, they are metabolized via azoreductases to aromatic amines by the
intestinal microflora and in the mammalian liver (Levine, 1991; Chung et a/.,, 1992; Platzek
et al., 1999). Synthetic azo compounds have been identified in tattoo colourants, including a
derivative of 3,3-dichlorobenzidine, azo derivatives of 2-amino-4-nitrotoluene and
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phthalocyanine (Mon Lehmann & Pierchalla, 1988; Baumler ef a/., 2000). Aromatic amines,
such as benzidine, induce urinary bladder cancer in humans and tumours in some
experimental animals (Combes & Haveland-Smith, 1982; Chung, 1983). Human skin
contains a characteristic complement of microbial species, which do no harm by their
presence under usual circumstances. The microflora of the human skin is variable with
regard to bacterial strains and species. The quantity varies in the range of 6 x 102 to 2 x 10°
bacterial cells cm=2, which depends on age and colonization site (Kloos & Schleifer, 1975).
Staphylococcus aureus is widespread in nature and commonly found on human skin, skin
glands and mucous membranes (Nagase et al.,, 2002). The skin microbiota plays a very
important role in preventing many pathogens from colonizing the skin and causing disease,
in a similar manner to the ‘barrier effect’ produced by intestinal microbes.

Dermal exposure of consumers to azo dyes by injection of tattoo ink and the topical
application of colourants as well as wearing coloured textiles should be evaluated for safety,
since, potentially, aromatic amines metabolized from aromatic amine-based dyes by the
microflora are easily absorbed by the skin (Levine, 1991; Chung et al., 1992; Platzek et al.,
1999). There is little information about the ability of the skin microflora to metabolize azo
dyes. Platzek et al. (1999) found that skin bacteria were able to cleave azo dyes under /n
vitro conditions. However, to our knowledge, azoreductases or their corresponding genes
have not been identified or described in the skin microflora. It has been suggested that S.
aureus may serve as a model strain for measuring the ability of human skin flora to reduce
azo dyes (Platzek et al., 1999). To better understand the metabolism of tattoo pigments,
topically applied cosmetics and textile colourants by skin microflora and the potential
toxicity of the reaction products to the human body, it is essential to discover the relevant
genes and characterize their products within skin microflora.

In this study, we describe for the first time the cloning and identification of the gene, azo,
encoding a novel aerobic tetrameric FMN-dependent azoreductase, from S. aureus.
Characterization of the purified Azol overexpressed in Escherichia coli demonstrated that
this azoreductase was able to decolorize a wide range of structurally complex sulfonated azo
dyes.

METHODS

Bacterial strains, plasmids and growth conditions

S. aureus ATCC 25923 was grown in brain heart infusion (BHI) broth or on BHI agar plates
and used for inoculum and genomic DNA preparation. £. coli TOP10F” (Invitrogen),
NovaBlue (DE3) (Novagen), and BL21-Gold(DE3)pLysS (Stratagene) were used for
recombinant DNA studies. £. coli strains were cultured at 37 °C in Luria—Bertani (LB)
medium with appropriate antibiotics (50 pg ml~1). The plasmids pCR2.1-TOPO (Invitrogen)
and pET-11d (Stratagene) were used for cloning and expression, respectively.

Twenty millilitres of S. aureus from BHI broth was inoculated into 200 ml BHI medium
supplemented with individual azo dye at a final concentration of 0-2 mM and incubated at 37
°C for various times in air without shaking. The supernatants were used to assay azo dye
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reduction by measuring residual absorption at the appropriate wavelength for each azo dye,
as described in the enzyme assay description below.

Cloning of S. aureus azo1 gene and expression of Azol in E. coli

Genomic DNA of S. aureus was isolated essentially as described by Wang et al. (2002).
Plasmids from £. coli Top10F” and NovaBlue (DE3) were isolated using a Qiaprep Spin
Miniprep kit (Qiagen). A DNA fragment containing the putative S. aureus azol was
obtained by PCR with the genomic DNA of S. aureus used as template. The forward primer
included a Acoal site before the start codon: 5’ -catgccatggctatgaaaggattaattattattggce-3~ (Saa-
forward). The reverse primer included a BamHI site downstream of the azoZ stop codon,
beginning at 660 bp: 5’-gcggatccgcttactattggtgcattag-3” (Saa-reverse). PCR was performed
in a Mastercycler gradient (Eppendorf). The amplification conditions were one cycle at 95
°C for 3 min, 30 cycles with each cycle including 30 s of melting at 95 °C, 30 s of annealing
at 50 °C and 60 s of extension at 72 °C, and one final extension cycle at 72 °C for 5 min.
The PCR products were examined by 1% agarose gel electrophoresis.

The PCR products were directly cloned into the pCR2.1-TOPO vector and sequenced. Both
strands of the DNA inserts were sequenced by walking from the ends of the inserts by using
plasmid- and insert-specific primers. For overexpression of Azol in £. coli, the PCR
products were cleaved with Ncol and BarmH| (New England BioLabs). The digested DNA
was purified from the agarose gel and ligated into pET-11d with a rapid DNA ligation kit
(Roche). E. coliNovaBlue (DE3) was transformed with the resulting plasmids. The plasmids
(pAZO1) were subsequently isolated and introduced into £. coli BL21-Gold(DE3)pLysS by
transformation. DNA sequence analysis, translation and alignment with related genes and
proteins were carried out using the Lasergene program (\ersion 5, pnasTar). The GenBank
program sLasT was utilized to find similar genes or proteins.

Enzyme assays

Azoreductase activity was assayed by measuring the decrease in optical density at suitable
wavelengths with a Hewlett Packard 8453 UV-visible spectrophotometer at 23 °C. The
reaction mixture (2 ml) contained 25 mM potassium phosphate buffer (pH 7-1), 25 UM azo
dye, 0-1 mM NADPH and a suitable amount of enzyme. The reaction was initiated by
addition of the enzyme. Initial velocity was determined by monitoring the change in the
amount of substrate in the first 2 min in a glass cuvette of 1 cm light path. The following
molar absorption coefficients were used: 23 360 M~ cm~1 (Methyl Red at 430 nm), 18 200
M~1 cm~1 (Orange Il at 482 nm), 22 600 M~ cm~1 (Amaranth at 520 nm), 20 700 M1 cm
-1 (Orange G at 477 nm), 22 900 M~1 cm~1 (Ponceau BS at 502 nm) (Nakanishi er al,, 2001;
Blumel et al,, 2002) and 33 470 M~ cm™1 (Ponceau S at 520 nm). One unit (U) of enzyme
activity was defined as the amount of enzyme required to degrade one pmol azo dye per
minute. Proteins were quantified using the bicinchoninic acid assay (Pierce) with BSA as
standard.

RNA isolation and RT-PCR

RNA was isolated from S. aureus grown overnight in BHI, BHI+Methyl Red (0-2 mM), or
BHI+ Orange 11 (0-2 mM), essentially using the RNAzol B procedure (Chapes et al., 1994).
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The RT-PCR reaction mixture (25 pl) consisted of 50 pmol each primer (Sas1-forward, 5’-
ggcagtgcacaagtgaattc-3” and Sasl-reverse, 5’ -ccatgatagtttggegttcc-3), 4 ug RNA, 0-1 mM
(each) deoxynucleoside triphosphate, 1 U 7ag DNA polymerase and 10 U AMV reverse
transcriptase in PCR buffer with MgCl,. cDNA synthesis by reverse transcription was
accomplished at 37 °C for 1 h. The PCR was performed under the following conditions:
initial denaturation (95 °C, 2 min), 40 cycles of denaturation (94 °C, 1 min), annealing (55
°C, 1-5 min) and extension (72 °C, 1 min), followed by a 10 min final extension (72 °C).
The reaction products were analysed by 2% agarose gel electrophoresis.

Enzyme purification

Induction of target protein and preparation of cell extracts were performed using a similar
procedure to that described previously (Chen et al., 2004). Protein purification was
performed at 4 °C by using an AKTApurifier 10 system with unicorn 4.10 software
(Amersham Biosciences). Sixty millilitres of the supernatant (549 mg protein) was applied
to a HiPrep 16/10 Q XL anion-exchange column (Amersham Biosciences) equilibrated with
25 mM Tris/HCI (pH 7-5) buffer. The peak fractions of azoreductase activity eluted at
around 0-:3 M NaCl (21 ml) were pooled. One volume of 10 mM potassium phosphate (pH
7-1) containing 2:0 M (NH4)2SO4 was mixed with one volume of the pooled fractions. Forty
millilitres of the sample was applied to a HiPrep 16/10 Phenyl FF hydrophobic interaction
column (Amersham Biosciences) equilibrated with the same buffer plus 1:0 M (NH,4),SO4.
A linear gradient of 400 ml (NH4)2SO4 sulfate from 1.0 to 0 M in the same buffer was
applied, followed by further elution with 100 ml buffer. Fractions with azoreductase activity
(30 ml) were pooled and concentrated to a volume of about 8 ml by using an Amicon
Ultra-15 (Millipore). The sample was dialysed and buffered with 25 mM Tris/HCI (pH 8-0).
The sample was then applied in 2 ml portions to a Mono Q HR 5/5 column (Amersham
Biosciences) equilibrated with the same buffer. Fractions of 0-5 ml were collected and those
containing major enzyme activity were pooled (1-0 ml, 0-35 M NaCl). Final purification was
achieved by gel filtration on a HiLoad 26/60 Superdex 200 pre grade column (Amersham
Biosciences) equilibrated and eluted with 25 mM potassium phosphate (pH 7-1) plus 0-1 M
NaCl (Chen et al., 2004).

Identification of the prosthetic group

One hundred microlitres of the purified enzyme (3 mg ml~1) in 10 mM potassium phosphate
buffer (pH 7-0) was heated at 100 °C for 10 min in the dark. After cooling on ice, the
denatured protein was removed by centrifugation at 14 500 g for 10 min in a microfuge at 4
°C. The resulting yellow supernatant (5 pl) was analysed by TLC employing a silica gel 60
F-254 plate (2 mm thickness; Merck) and chloroform, glacial acetic acid and water (6 : 7 : 1
by vol.) as the solvent phase (Lake & Goodwin, 1976). FAD and FMN (1 pl, 0-2 mM each)
were used as standards, and the migration of the compounds was monitored by the
characteristic fluorescence in UV light (312 nm).

SDS-PAGE and N-terminal amino acid sequencing of the protein

SDS-PAGE (12:5%, w/v) was conducted under normal conditions. Protein markers
(Novagen) were used as standards. Gels were stained for the presence of proteins using
Coomassie brilliant blue R-250 (Bio-Rad). The proteins were transferred onto a PVDF

Microbiology (Reading). Author manuscript; available in PMC 2018 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 5

membrane in a Hoefer TE77 Semi-Dry Transfer Unit (Amersham Biosciences). The
transferred proteins were visualized by Coomassie staining and excised with a razor blade.
N-terminal amino acid sequencing was performed by an Applied Biosystems model 477A
gas-phase sequencer equipped with an automatic on-line phenylthiohydantoin analyser.

Preparation of apoenzyme and reconstruction of flavoprotein

Eight millilitres of 25 mM potassium phosphate (pH 7-1) containing 1 M (NH4)2SO4, 1 M
KBr and 1 mM EDTA was mixed with 2 ml purified enzyme (5 mg). The sample was
applied to the HiPrep 16/10 Phenyl FF column equilibrated with the same buffer. The
column was washed with 40 ml starting buffer. Flavin was eluted with 60 ml of the same
buffer adjusted to pH 4-0 with 1 M phosphoric acid. After flavin elution, the column was
immediately washed with 40 ml starting buffer, omitting 1 M KBr. Four hundred millilitres
of a linear gradient of (NH,4)»,SO,4 from 1 to 0 M in the same buffer was applied. This was
followed by further elution with 100 ml starting buffer. The fractions (30 ml) containing
apoenzyme were concentrated (Van Berkel et al.,, 1988).

The protein was reconstructed directly on the column. After the release of the original flavin
from the column, the pH of the column was equilibrated back to 7-1, as described above.
Forty millilitres of the starting buffer containing 1 mM FMN, FAD, or riboflavin was passed
through the column at a flow rate of 0-5 ml min~1. The column was placed at 4 °C overnight
and then washed with 40 ml starting buffer, omitting 1 MKBr, to remove the unbound excess
flavin. The elution of the protein was done as above (Van Berkel ef a/., 1988).

Identification of Methyl Red and its metabolites

Two assay mixtures containing 0-4 mM NADPH and 50 uM Methyl Red in 20 ml of 25 mM
sodium phosphate buffer (pH 7-1) with or without the purified enzyme were prepared.
Methyl Red, N, N-dimethyl-p-phenylenediamine and 2-aminobenzoic acid (Sigma) solutions
(50 mg I71), using acetonitrile as solvent, were prepared. The assay mixture containing the
enzyme was then incubated at room temperature until no decrease in optical density at 430
nm was noted. The two assay mixtures were extracted three times with equal volumes of
ethyl acetate, subsequent to adjusting the pH to 3 with 1 M HCI. The extracts were
evaporated in a rotary evaporator at 40 °C and the remaining trace solvent was removed by
evaporation at room temperature overnight. Each residue was dissolved in 1 ml acetonitrile
and filtered through a 0-2 um pore-size syringe filter. Forty microlitres of the samples was
analysed with a Hewlett Packard HPLC 1050 equipped with a model variable-wavelength
detector (detection wavelength was 250 nm) and a reverse-phase Inertsil 5y ODS-2 column
(4-6 x 250 mm, MetaChem Technologies). The mobile phase was composed of 25 mM
phosphate buffer (pH 3-0) and acetonitrile (4 : 6, v/v) with a flow rate of 0-5 ml min~1
(Moutaouakkil ef al., 2003; Nakanishi et al., 2001; Wong & Yuen, 1998).

Enzyme characterization

Each data point was analysed three times with a standard deviation of less than 10 %. The
effects of pH on the activity and the optimum pH of S. aureus Sa-Azol were determined at
room temperature with the following buffers: 0-1 M sodium acetate (pH 4-2-5-4), sodium
phosphate (pH 5-8-7-8) and HEPES/NaOH (pH 8:2 and 8:6). The effects of temperature on
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Azol were determined by assaying the enzyme at temperatures ranging from 10 to 65 °C.
Thermostability was measured by incubating the enzyme samples in 25 mM potassium
phosphate buffer, pH 7-1, for 1 h at temperatures from 30 to 70 °C. The initial velocities of
the enzymic reaction were obtained by varying the concentrations of one substrate, Methyl
Red (from 0-005 to 0-04 mM) or NADPH (from 0:05 to 0-4 mM), while the concentration of
the other substrate was kept constant (NADPH, 0-4 mM or Methyl Red, 0-04 mM). Apparent
Km and Vinax Values were obtained from Lineweaver—Burk plots.

Degradation of azo dyes by S. aureus

When S. aureuswas grown in the presence of Methyl Red, it rapidly reduced the azo dye.
Only 20% Methyl Red remained after 1 h incubation, and it was completely degraded in 3 h.
Orange Il was reduced more slowly than Methyl Red. About 10% of the added Orange Il
dye was metabolized after 3 h incubation and 56%of the dye colour degraded in 20 h. The
total cell numbers in Methyl Red, Orange Il and without dye cultures were similar, which
indicated that the azo dyes were not toxic and did not inhibit the growth of the bacterium.

Identification of the S. aureus azol gene

Although the ability of the skin microflora to metabolize azo dyes was demonstrated, the
corresponding genes or their corresponding gene products have not been characterized
(Platzek et al.,, 1999). Therefore we searched the S. aureus Mu50 genome sequence (Kuroda
et al., 2001) in GenBank by a BLAsT search using the entire protein sequence of 178 amino
acids deduced from a main azoreductase gene of Bacillus sp. OY1-2 as the query (Suzuki et
al., 2001). The search identified a single gene encoding a 188 amino acid residue (Fig. 1),
which displayed moderate primary structure identity (32 %) and was similar in size to the
Bacillus azoreductase. There were five place deletion and/or insertion differences between
these two protein sequences. This putative azoreductase gene was amplified from the
purified genomic DNA of S. aureus ATCC 25923 by PCR using a pair of primers (Saa-
forward and Saa-reverse), yielding a DNA band of about 700 bp on agarose gel. The
amplified DNA fragment contained a putative ORF as well as a short sequence downstream
of the stop codon. The fragment was directly ligated into a TA cloning vector, pCR2.1-
TOPO. Sequencing of the insert revealed that it contained a 567 bp DNA fragment with a
complete ORF encoding a protein (Azol). There are only three base pair differences
between sa-azol from S. aureus ATCC 25923 and the corresponding gene from S. aureus
Mu50. However, both protein sequences translated from the genes were identical.

Expression of the azoreductase in E. coli

For expression of the azoreductase gene, the PCR amplified fragment was inserted via its
unique Nceol and BamHI restriction sites into corresponding sites of pET-11d. A 6 bp DNA
fragment had to be added to the beginning of the ORF vector to create a Alcol restriction site
in the construction of the expression cassette. The functional enzyme was expressed in £.
coli using a phage T7-promoter system. The cell extract supernatant from the induced
culture displayed a bright yellow colour and an elevated level of azoreductase activity was
detected as compared with that of the non-induced culture, indicating induction and
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expression in the host. This expression system was particularly useful, since the cells grew
and synthesized the flavoprotein continuously without disruption to cellular growth.

Analysis of azol expression by S. aureus

To determine whether the azo1 gene is expressed by S. aureus ATCC 25923, transcription of
azol was examined by RT-PCR. A 233 bp transcript of azoA was detected in all three RNA
samples (not shown). Control reactions, in which reverse transcription from DNase- and
RNase-treated RNA samples yielded no products, confirmed the absence of contaminating
DNA. These results demonstrated that the azoZ gene was constitutively expressed in S.
aureus.

Purification of the recombinant S. aureus Azol expressed in E. coli

The purification procedure is summarized in Table 1. The enzyme was purified at about 9-3-
fold with a yield of 20 %, which allows the proportion of the enzyme to be estimated at
10-8%of the protein present in the crude cell extract. The specific activity of the final
purified S. aureus Azol was 0-14 U (mg protein)~1 using Methyl Red as substrate. The
molecular mass of the purified azoreductase was found to be 20 kDa as shown by SDS-
PAGE (Fig. 2). However, when determined by gel filtration chromatography on a HiLoad
Superdex 200 column, it had an approximate size of 85 kDa. The purified protein on SDS-
PAGE was transferred onto a PVDF membrane and subjected to N-terminal sequence. The
first 10 amino acid residues (AMKGLIIIGS) were determined and found to be identical to
the 10 residues shown for the polypeptide sequence, beginning with the second position in
the N-terminal sequence, translated from the modified azoreductase ORF of S. aureus.

HPLC analysis of Methyl Red metabolites

HPLC analyses of the extracts of the assay mixtures without the enzyme gave one major
compound at a retention time of 24-5 min and the UV-visible spectrum of the compound
showed a A% at 500 nm and a minor peak at 287 nm, which matches those of the Methyl
Red standard. The HPLC chromatogram of the extract of the reaction mixture incubated in
the presence of the purified recombinant Azol showed the disappearance of Methyl Red and
the appearance of two new major compounds with retention times of 5:2 and 7-1 min,
respectively (not shown). The absorption spectrum of the 5:2 min compound showed a Aax
at 246 nm and a minor peak at 292 nm, which matched the values of authentic N, A~
dimethyl-p-phenylenediamine. On the other hand, the absorption spectrum of the 7-1 min
compound showed Amax at 218 nm and two minor peaks at 246 and 334 nm, which matched
the values of authentic 2-aminobenzoic acid. These two compounds are known metabolites
in the breakdown of Methyl Red (Wong & Yuen, 1998; Moutaouakkil et al,, 2003; Yan et al.,
2004) (Fig. 3).

The recombinant S. aureus Azol contains FMN as a prosthetic group

The solution of the purified Azol was initially yellow. This colouration was tightly bound to
the protein through the various purification procedures and resistant to dialysis after several
chromatography steps. The absorption spectrum of the purified enzyme had peaks at 376 and
457 nm and shoulders at 430 and 488 nm (Fig. 4a, solid line). When the enzyme was
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denatured in boiling water, the yellow compound was released, indicating a non-covalent
association with the protein. The absorption spectrum of the supernatant of the boiling
solution showed peaks at 373 and 446 nm, suggesting the presence of a flavin compound
(Fig. 4a, dashed line). TLC of the flavin of the supernatant of the boiling sample gave a
single fluorescent spot identical to that of the FMN standard (Fig. 4b). Thus, the prosthetic
group of Azo1l is presumably FMN. Based on the extinction coefficient of 12 200 M~ cm1
for FMN at 446 nm (Aliverti et a/, 1999), on the absorbance reading of the boiling sample
(0-86 mg protein ml~1; Az = 0-48), and the molecular mass of Azo1 (85 kDa), 38-4 umol
flavin was calculated to be associated with 10-1 pmol purified enzyme (3-8 mol of flavin
bound per mol of the protein). Thus, the estimated ratio of flavin in Azol would be 4 mol
FMN (mol protein)~1.

Flavin removal and reconstitution with various flavins

The purified tetrameric recombinant S. aureus Azol was bound to a hydrophobic interaction
HiPrep 16/10 Phenyl FF column and the flavin of the enzyme was removed by washing the
column with low-pH buffer, which was described in more detail in Methods. The bright
yellow colour of the flavin can easily be seen visually and by UV detection. The size of the
purified apoenzyme was determined on the gel filtration column to be approximately 42
kDa, indicating that the apoprotein was in a dimeric form (Fig. 5). The yield of the
apoprotein was about 90% of the enzyme loaded onto the column.

Azo1 could be fully reconstituted with FMN when the apoprotein was still bound to the
column. Passing an excess of FMN over the column yielded a distinct fluorescent yellow
band. The eluted reconstituted protein retained full azoreductase activity (Table 2) and had a
size of about 85 kDa, as determined by gel filtration chromatography. Also, Azol could be
reconstituted with FMN in solution. FAD and riboflavin were not able to bind to the protein
and no reconstitution of the protein was observed when excess of the flavin was passed over
the column. TLC analysis indicated that the partial reconstitution of the enzyme with an
excess of FAD on the column was due to trace contamination with FMN in the commercial
FAD preparation.

Properties of the recombinant S. aureus Azol

Analysis of the purified Azol indicated that the enzyme used NADPH, but not NADH, for
Methyl Red reduction (Table 2). Azol required its original flavin or free FMN for its
activity. FAD and riboflavin had no ability to mediate oxidation of the NADPH.
Azoreductase activity was not enhanced by adding free FMN to the original purified Azo1,
indicating that the flavin was tightly bound to the protein.

The activity of Azol was determined from pH 4.2-8-6 with Methyl Red as substrate. A
typical bell-shaped pH profile was obtained with an optimum between pH 6:0 and 6:6. The
effect of temperature on azoreductase activity was determined from 10 to 65 °C. Maximum
activity was observed between 35 and 40 °C. Thermal stability was investigated by
incubating the enzyme at different temperatures for 1 h. The enzyme was stable at
temperatures up to 55 °C. Inactivation occurred at 60 °C, with 67% of the enzyme activity
remaining after 1 h pre-incubation and a half-life of 1.6 h. Enzymic reactions were
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performed by varying the concentrations of one substrate (Methyl Red or NADPH) and
fixing the other substrate concentration. Apparent K, and Vjax vValues were obtained from
Lineweaver—Burk plots. K, values of 0:074 and 0-057 mM and V5« values of 0-39 and
0-41 U (mg protein)~! for NADPH and Methyl Red, respectively, were obtained. In addition,
a number of synthetic model azo compounds were used to determine the substrate specificity
of the enzyme. The enzyme displayed the highest activity with Methyl Red [0-14 U (mg
protein)~1]. The enzyme also degraded the sulfonated azo dyes Orange 11 [0-11 U (mg
protein)~1], Amaranth [0-055 U (mg protein)~1], Ponceau BS [0-13 U (mg protein)~1] and
Ponceau S [0-13 U (mg protein)~1]. No enzymic activity was observed when Orange G was
used as substrate.

DISCUSSION

Decolorization of azo colourants by the skin microflora has been much less studied than
similar processes mediated by intestinal bacterial species. Only one investigation has
demonstrated the ability of bacteria on the human skin to metabolize azo dyes to aromatic
amines which are known to easily penetrate the skin (Platzek et al., 1999).

Our studies demonstrated that S. aureus was able to grow and reduce azo dyes, indicating
that azoreductase was functionally expressed in the bacterium. Unlike adapted soil bacteria
isolated from azo dye-contaminated wastewater (Suzuki ef a/., 2001), as a skin bacterium, S.
aureus presumably does not produce highly active azoreductase. It is an extremely difficult
and very time-consuming process to purify sufficient amounts of protein from the bacterium
for biological characterization of the enzyme. A novel approach was adapted by using
homology comparison, direct cloning and overexpression of the genes encoding hypothetical
proteins. We were able to identify and express a functional azoreductase gene from S. aureus
in E. coli. The N-terminal methionine of the recombinant S. aureus Azol was cleaved by
methionine aminopeptidase in the £. colicells, as is common for heterologous proteins
expressed in the £. colihost (Ben-Bassat ef al., 1987). The N-terminal sequence of the
purified enzyme started from the second position of the deduced protein sequence,
indicating that the purified recombinant Azol was an intact protein when expressed in £.
coli and could be similar to the corresponding native enzyme produced in S. aureus. Gel
filtration chromatography revealed that AzoA exists as a tetramer (Figs 2 and 5) which was
different from the dimeric azoreductases from £. coli (AcpD) (Nakanishi et a/,, 2001) and
Enterococcus faecalis (Chen et al., 2004). Some other flavin-binding proteins, however, do
exist as tetramers. This is the case for Sulfolobus shibatae type 2 isopentenyl diphosphate
isomerase (Yamashita et al., 2004) and Bacillus subtilis glycine oxidase (Mortl et al., 2004).
The prosthetic FMNSs in the tetrameric enzyme may hold the subunits together (Van Berkel
et al., 1988). During hydrophobic interaction chromatography in the presence of high
concentrations of KBr and ammonium sulfate, the yellow flavin compound was eluted with
decreasing pH, indicating a non-covalent association with the protein (Hefti et a/., 2003).
Azoreductases from Bacillus sp. OY1-2 (Suzuki et al.,, 2001), Xenophilus azovorans
(Blumel et al., 2002) and Pigmentijphaga kullae (Blumel & Stolz, 2003) exist as monomers
and enzyme-bound FMN or FAD have not been reported.
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Azol was further annotated and searched for homologues from other organisms in the DNA
and protein databases. We found that Azol has the highest homology (80 %) to a
hypothetical protein from another more closely related skin bacterium Staphylococcus
epidermidis. However, it has moderate homology (range 30-35 %) with other azoreductases
and hypothetical proteins from other bacteria. Based on the multiple alignments of Azol,
protein sequences of the related azoreductases, and related hypothetical protein sequences,
an unrooted phylogenetic tree was generated. Fig. 6 shows that Azol was clustered with
hypothetical proteins from the skin bacteria S. epidermidis and Bartonella henselae. Azol
has 32% homology to a hypothetical FMN-dependent azobenzene reductase (Yhda protein)
from B. subtilis, whose crystal structure has been newly discovered (PDB coordinate:
INNI). More recently, the three-dimensional structure of a homodimer NAD(P)H-dependent
FMN reductase of a Saccharomyeces cerevisiae Y1 R011w gene product, which has minor
azoreductase activity to cleave Ethyl Red, has shown structural homology to B. subtilis
Yhda protein (Liger et al., 2004). Both B. subtilis Yhda and Sac. cerevisiae YLRO11W have
conserved amino acid residues at several crucial positions that contribute to FMN binding.
These same residues are conserved in Azol and other real and hypothetical azoreductases
from various bacteria (Figs 1 and 6). It was suggested that the azoreductase from Bacillus
sp. strain OY1-2 contains an NAD(P)H-binding motif (GXGXXG) at positions 106-111
within the protein (Fig. 1). This motif was not conserved in the protein sequences of Azol or
other members of this azoreductase family (Figs 1 and 6). The vast majority of flavodoxin
domains whose structure is known have a six-residue flavodoxin key fingerprint motif (T/S-
X-T-G-X-T) in common (Liger et al., 2004). However, the hypothetical FMN phosphate-
binding loop sequences (T/S-X-T-G-X-T) were not found in the B. subtilis Yhda protein, the
Sac. cerevisiae YLR011 wp, or Azol. Instead of this, several amino acid residues in the
sequences (P-X-Y-H/N-2X-P/S-G/A-X-L-K-N-A/S-D-L/I-D) form another loop between the
B3 and a3 helix in the Sac. cerevisiae YLR011 wp that interacts with both parts of FMN,
and these residues are conserved in this enzyme family. This indicates that this conserved
sequence may serve as a new signature sequence for these novel flavin enzymes.

HPLC analysis indicated that the decolorization of Methyl Red by Azol is the result of
cleavage of the molecule to N, N-dimethyl-p-phenylenediamine and 2-aminobenzoic acid.
These compounds were reported as metabolites of Methyl Red degradation by Klebsiella
pneumoniae and Acetobacter liquefaciens (Wong & Yuen, 1998), and by azoreductases from
E. coli (Nakanishi et al., 2001), Enterobacter agglomerans (Moutaouakkil et al., 2003) and
Rhodobacter sphaeroides (Yan et al., 2004). These results proved that the purified Azol
catalysed the reductive cleavage of the azo bond of Methyl Red in the presence of NADPH
serving as an electron donor (Fig. 3). Among several cloned and expressed azoreductases,
the enzymes from E. coli (Nakanishi et al., 2001), Ent. faecalis (Chen et al., 2004), X.
azovorans KF46F (Blumel et al., 2002) and P, kullae K24 (Blumel & Stolz, 2003) use
NADH as electronic donor for their enzymic activities. On the other hand, azoreductases
from Bacillus sp. OY1-2 (Suzuki et al,, 2001) and S. aureus are NADPH-dependent
enzymes (Table 2). Recently, an azoreductase from R. sphaeroides AS1.1737 with NADH as
a donor was expressed and characterized (Yan et al., 2004). Since the azoreductase from R.
sphaeroides AS1.1737 had similar sizes and homologies to azoreductases from both Bacillus
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sp. OY1-2 (Suzuki et al, 2001) and S. aureus, it was placed in the same enzyme family (Fig.
6); however, the specificity of its electron donor should be re-examined.

Two further azoreductases belonging to the same family, from E. co/i (Nakanishi et al.,
2001) and Ent. faecalis (Chen et al., 2004), are FMN-dependent enzymes. No information is
available regarding other azoreductases from Bacillus sp. OY1-2 (Suzuki et al,, 2001) and
R. sphaeroides AS1.1737 (Yan et al., 2004). In this study, we discovered that Azol
contained a tightly bound flavin and that its activity was strictly dependent on that flavin,
indicating that it is a flavin-dependent azoreductase. Dissociation and reconstitution of the
enzyme demonstrated that the flavin prosthetic group was required for its function. Since
azoreductases from Bacillus sp. OY1-2 (Suzuki et al., 2001) and R. sphaeroides AS1.1737
(YYan et al., 2004) fall into the same enzyme family as Azol, presumptively they are also
flavin-dependent enzymes. Besides these flavin-dependent azoreductases, two monomeric
flavin-free azoreductases from X. azovorans and P. kullae K24 have also been described
(Zimmermann et al., 1982, 1984; Blumel et al,, 2002; Blumel & Stolz, 2003), indicating that
there are at least two different types of azoreductase in bacteria.
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MKGLITIGSAQVNSHTSALARYLTEHFKTHDIEAEIFDLAEKPLNQLDFSGTTPSIDEIK
MK ++I G+ + T +A+Y+ + F E E++DLA + L + + ++ +K
MKLVVINGTPRKFGRTRVVAKYIADQF-——-—- EGELYDLAIEELPLYNGEESQRDLEAVK

QNMKDLKEKAMAADFLILGTPNYHGSYSGILKNALDHLNMDYFKMKPVGLIGNSGGIVSS
+ LK AAD ++L TP YH + SG LKN+LD+L+ F KPV L+ +GG
K----LKTLVKAADGVVLCTPEYHNAMSGALKNSLDYLSSSEFIHKPVALLAVAGG—--GK

EPLSHLRVIVRSLLGI---AVPTQI---ATHDSDFAKNEDGSYYLNDSEFQLRARLEVNN
++ L + SL G+ A+P Q+ H D ED ++D +L+A + V++
GGINALNSMHASLAGVYANAIPKQVVLDGLHVQDGELGEDAKPLIHDVVKELKAYMSVKK

Comparison of the deduced amino acid sequences of S. aureus Azol (top) and Bacillus sp.
OY1-2 azoreductase. Amino acid residues with different degrees of conservation (+) are

indicated.
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Fig. 2.
SDS-PAGE of the purified Azol of S. aureus expressed in E. coli. Lanes: M, protein

molecular mass standards; 1, crude cell extract (60 ug); 2, purified Azol (2 pg).
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COOH
COCH 2-Aminobenzoic acid
NH,
N NAD(P) NAD(P)" +
Azoreductase NH,
/ A\ N,N-Dimethyl-p-phenylenediamine
H.C CH,
7/ \
H,C CH,
Fig. 3.

Reductive degradation of Methyl Red by Azol of S. aureus expressed in £. coli. Methyl Red
was treated with the purified enzyme in the presence of NADPH. Products were analysed by
HPLC and identified as N, A-dimethyl-p-phenylenediamine and 2-aminobenzoic acid.
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(a)
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Fig. 4.
Detection of FMN in Azol of S. aureusexpressed in E. coli. (a) Comparison between

spectra of Azol of S. aureusand free FMN. Solid and dotted lines show spectra of Azol and
free FMN, respectively. (b) TLC of the flavins. Lanes: 1, FAD; 2, FMN; 3, Azol of S.
aureus.

Microbiology (Reading). Author manuscript; available in PMC 2018 March 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al. Page 18

Apoprotein

pH 4, 1 M KBr
1 M (NH,S0,

FAD
Non-active Non-active
M, monomer; R, riboflavin
Fig. 5.
Possible mechanisms of the dissociation and reassociation of Azol of S. aureus expressed in
E. colli.
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Fig. 6.

Ugrooted phylogenetic tree of S. aureus Azol. Based on TBLASTN results, protein sequences
showing similarities to Azol were aligned using the Jutun Hein method. The unrooted tree
was generated using MegAlign of the pnasTar software package. GenBank accession
numbers are as follows: Archaeoglobus ulgidus, AEO00972; Bacillus anthracis, AE017225;
Bacillus cereus, AEO17005; Bartonella henselae, BX897699; Bacillus subtilis, AB071366;
Bacillus sp. OY1-2, AB032601; Clostridium perfringens, BAO00016; Gloeobacter
violaceus, BA000045; Lactobacillus plantarum, AL935261; Mycobacterium bovis,
BX248344; Mesorhizobium loti, BA000012; Mycobacterium tuberculosis, AEO00516;
Nocardia farcinica, AP006618; Nostoc sp. PPC 7120, BA000019; Rhodobacter sphaeroides,
AY150311; Staphylococcus aureus Azol (this study), AY545994; Streptomyces avermitilis,
AP005049; Streptomyces coelicolor, AL939107; Staphylococcus epidermidis, AE016745;
Sinorhizobium meliloti, AL595985.
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Purification of recombinant Azol of S. aureus expressed in E. coli Activities were determined with Methyl

Red as substrate.

Step Total Total Specific activity  Yield

protein (mg)  activity (U) [U (mg protein)™l] (%)
Crude cell extract 549 8-32 0-015 100
HiPrep Q XL 167 5.68 0-034 68
HiPrep Phenyl FF 76 4.33 0-057 52
Mono Q 34 2:75 0-081 33
HiLoad Superdex 200 12 1.68 0-14 20
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Effects of enzyme stages and cofactors on the azoreductase activity of S. aureus Azol

Table 2

Enzyme stages Cofactors Specific activity
added [U (mg protein)™]

Original enzyme * NADPH 015
Original enzyme NADH ND 7
Original enzyme NADPH+FMN 0-14
Reconstructed with FMN#  NADPH 012
Apoprotein NADPH+FMN 0-13
Apoprotein NADPH+FAD ND
Apoprotein NADPH-+riboflavin ND

*
Original enzyme, the purified intact recombinant S. aureus Azol.

fND, not detectable.

iReconstructed with FMN, the apoprotein reconstructed with FMN on the column.
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