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We detected NADP+-dependent dihydrodiol dehydrogenase (DD) activity in a cell-free extract from Mucor
circinelloides YR-1, after high-speed centrifugation. We analyzed the enzymatic activity in the cytosolic
fraction by zymograms, as described previously, and eight different DD activity bands were revealed.

Five constitutive DD activities (DD1-5) were present when glucose was used as carbon source and three
inducible activities (NDD, PDD1 and PDD2) when aromatic hydrocarbon compounds were used. NDD
activity was induced all of the aromatic hydrocarbon compounds. The highest DD activity inducer was
naphthalene and the lowest was pyrene. One of the enzymes showed higher activity with cis-naphtha-
lene-diol rather than with trans-nahthalenediol as a substrate. We purified this particular enzyme to
homogeneity and found that it had an isoelectric point of 4.6. The molecular weight for the native protein
was 197.4 kDa and 49.03 ± 0.5 kDa for the monomer that conforms it, suggesting a homotetrameric struc-
ture for the complete enzyme.

Polyclonal antibodies were raised against it and obtained. NDD activity was almost totally inhibited
when antibodies were used at low concentrations, and in native immunoblots only one band, which cor-
responds to the activity band detected in the zymograms, could be detected. In denaturing PAGE immu-
noblots only one band was detected. This band corresponds to the purified protein band of 49 kDa
detected in SDS–PAGE gels. The other two inducible enzymes PDD1 and PDD2 were present only when
phenanthrene was used as sole carbon source in the culture media.

� 2014 Elsevier Inc. All rights reserved.
Introduction which is the enzymatic addition of water by an epoxide hydrase
Aromatic alcohols comprise a large group of natural com-
pounds. They can be formed as metabolic intermediates in the
degradation of aromatic hydrocarbons, both aerobically and anaer-
obically [1]. Mammals and microorganisms oxidize naphthalene to
1,2-dihydroxynaphthalene. Bacteria that are capable of growing in
non-phenolic aromatic hydrocarbons generally initiate degrada-
tion by dihydroxylation of the aromatic ring, which is catalyzed
by a dioxygenase [2], while liver microsomes incorporate one atom
of molecular oxygen into naphthalene to yield 1,2-naphthalene-
oxide [3]. This compound can undergo several reactions, one of
to form trans-1,2-dihydroxy-1,2-dihydronaphthalene (trans-naph-
thalene Dihydrodiol) [4].

Dihydrodiol dehydrogenase (DD, EC 1.3.1.20) has been de-
scribed in mammals where it catalyses the NADP+-linked oxidation
of trans-dihydrodiols of aromatic hydrocarbons to the correspond-
ing catecols [5,6]. DD activities have also been described in bacteria
that are capable of degrading monoaromatic compounds [7],
biphenyl and polychlorinated biphenyls [8] and naphthalene [9].

Many microorganisms in nature may be useful in the biodegra-
dation processes of contaminating compounds [10]. Polycyclic
aromatic hydrocarbons (PAHs)1 are persistent soil contaminants
[11] many of which have toxic and carcinogenic properties [12,13].
; YPGA,
F, phen-
itro-blue
.
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Pollution by PAHs is usually found on sites of gas extraction facilities
and oil refinery plants. Bioremediation is an environmentally attrac-
tive solution in order to clean contaminated sites [14]. In order to
achieve an efficient elimination process it is important that the
microorganisms used are able to complete the degradation pathway.
By this means, potentially toxic metabolites will not accumulate in
the soil [15]. Therefore it is important to gather more information
about the enzymatic steps of the metabolic pathways of PAH-
degrading microorganisms.

Many microorganisms are capable of using aromatic hydrocar-
bons as their only carbon and energy source [16] and cis-dihydro-
diols have been implicated as intermediates in the bacterial
metabolism of a variety of aromatic hydrocarbons and related
compounds [17–19]. Bacterial aerobic degradation of aromatic
compounds relies on metabolic pathways that generally lead to
the formation of aromatic intermediates that contain two-hydro-
xyl constituents. These are subsequently ring-cleaved by excision
dioxygenases [20]. In many catabolic pathways two successive
enzymatic step lead to the formation of such intermediates,
namely dihydroxylation of the polyaromatic substrate to produce
cis-diols followed by dehydrogenation [21]. Ring hydroxylation is
catalyzed by multi-component di-oxygenases, while dehydrogena-
tion is catalyzed by cis-diol-dehydrogenases. Studies on the metab-
olism of aromatic hydrocarbons by fungi are limited. Nevertheless,
fungi have been shown to posses the ability to metabolize aromatic
compounds [22,23] and the aryl oxidative enzymes of fungi appear
to be similar to monooxygenases of hepatic microsomes [24,25].
Smith and Rosazza [26] have also presented evidence that naph-
thalene is metabolized to 1-naphtol by six different genera of fungi.

The main interest in studying dihydrodiol-dehydrogenase activ-
ities in Mucor circinelloides strain YR-1 is that this particular fila-
mentous fungus was isolated from oil-contaminated soils and so
we are currently studying the metabolism of both aliphatic
[27,28] and aromatic [29,30] hydrocarbon compounds. In this work
we analyzed cell extracts from cells grown with different hydrocar-
bon compounds using electrophoretic zymograms recently de-
scribed by our group [31].
Materials and methods

Strain and culture conditions

As enzyme source we used an indigenous filamentous fungus
isolated from oil-contaminated soil from Salamanca Guanajuato,
México named YR-1 and identified it as M. circinelloides. A defined
media was used for strain maintenance, spore collection and myce-
lium growth, which contained yeast-peptone-glucose-agar (YPGA)
[32]. Aerobic mycelium growth was also conducted in salt minimal
medium with 0.1% (w/v) peptone (called sMMP), supplemented
with naphthalene, anthracene, phenanthrene, or pyrene at a final
concentration of 0.5% w/v as carbon sources. Liquid cultures
(600 mL) were propagated in 2-L Erlenmeyer flasks inoculated
with spores at a final density of 5 � 105 spores�mL�1 and incubated
in a water bath at 28 �C for 22 h at 125 rpm in all tested conditions.
Preparation of cell-free extracts

Mycelium of 22 h of incubation was harvested and exhaustively
washed with PBS; mycelial mass was suspended in 20 mM Tris–HCl
pH 8.5 buffer containing 1 mM phenylmethanesulphonyl fluoride
(PMSF). Approximately 20 mL of mycelia were mixed with an equal
volume of glass beads (0.45–0.50 mm diameter) and disrupted in a
Braun model MSK cell homogenizer (Braun, Melsungen, Germany)
for four periods of 30 s while being cooled with a stream of CO2.
The homogenate was centrifuged at 4360g for 10 min in a JA-10
Beckman rotor to remove cell walls and unbroken cells. The cell-free
supernatant (crude extract) fraction was high-speed centrifuged at
164,500g for 45 min in a 70Ti Beckman rotor at 4 �C in a Beckman
L8-80 ultracentrifuge; the supernatant (cytosolic fraction) and the
mixed membrane fraction (MMF) discarded. In all cases samples
of different supernatant fractions were kept for further studies.

NDD purification

Affinity chromatography column: All purification procedures
were carried out at 4 �C. The 164,500g supernatant was used as
the starting material for the purification steps and it was diluted
1:3 with 20 mM Tris–HCl (pH 8.5) buffer and loaded into an Affi-
Gel Blue gel (Bio-Rad) low-pressure chromatography column
(3.0 � 12.0 cm) previously equilibrated with 20 mM Tris–HCl (pH
8.5) buffer. Elution was done using a step salt gradient beginning
with 50 mM Tris–HCl pH 8.5 and subsequently with a buffer con-
taining NaCl in a concentration range from 0 to 1.0 M. Finally, a
50 mL wash of 2 M NaCl (flow rate 0.6 mL/min) was performed.
Fractions (1.0 mL each) were collected and those containing enzy-
matic activity were pooled, dialyzed against 20 mM Tris–HCl pH
8.5 and stored at �70 �C.

Native molecular mass determination

The relative molecular mass of the purified NDD was estimated
by gel filtration using a molecular exclusion chromatography col-
umn (1.6 � 80.5 cm) packed with Bio-Gel A 0.5 M (Bio-Rad,
VT = 128.8 mL). Elution was performed with 50 mM Tris–HCl pH
8.5 with a flow rate of 0.3 mL/min and 1-mL fractions were col-
lected. Apoferritin (443.0 kDa), b-amilase (200.0 kDa), alcohol
dehydrogenase (150.0 kDa) and bovine serum albumin (66.0 kDa)
were used as molecular weight standards to calibrate the column.
Fractions were monitored at OD280 and assayed for NDD activity,
those containing enzyme activity were pooled and aliquots of
0.5 mL were kept at �70 �C for further assays.

Gel electrophoresis

Denaturing SDS–PAGE was carried out according to the method
of Laemli [33]. The final acrylamide concentration was 12% (w/v)
for the separating gel and 4.5% (w/v) for the stacking gel. All sam-
ples were preincubated in the presence of SDS-sample buffer
(62 mM Tris–HCl, pH 6.8, 2% [w/v] SDS, 5% [v/v] 2-b-mercap-
toethanol, 5% [v/v] glycerol and 0.002% [w/v] bromophenol blue)
for 10 min at 100 �C prior to loading into gels. Gels were run at
constant 200 V for 45 min at room temperature on a Mini-Protean
II Gel apparatus (Bio-Rad) and subsequently stained with silver ni-
trate [34] or 0.25% (w/v) Coomassie brilliant blue R250. For the
determination of molecular mass by SDS–PAGE, a plot of relative
mobility versus the logarithm of molecular mass standards ranging
from 116.3 to 21 kDa (Sigma, Co., St. Louis, MO, USA) was used.

Non-denaturing PAGE was performed at 4 �C using a 6% sepa-
rating gel and a 4.5% stacking gel at a constant 100 V applied for
110 min. Gels were pre-cooled to 4 �C prior to electrophoresis.
For dihydrodiol dehydrogenase activity in gels we recently devel-
oped an appropriate methodology since there are no reports avail-
able in the literature regarding the detection of these enzymes by
means of zymograms [31]. Briefly, after non-denaturing 6% (w/v)
PAGE, NDD activity bands were visualized by staining the gel with
4 mL of 0.5 M Tris–HCl buffer, pH 8.5; 0,5 mg phenazine methosul-
phate (PMS); 7.5 mg p-nitro-blue tetrazolium (PNBT); 14.34 mg
NADP+; 1 mM EDTA; 1 mM DTT, and as enzyme substrate either
0.1 M of (1R, 2S)-cis-1, 2-di-hydro-1, 2-naphthalenediol or (1R,
2S)-trans-1, 2-di-hydro-1, 2-naphthalenediol at a final concentra-
tion of 100 mM for 120 min in the complete absence of light.



Table 1
Dihydrodiol dehydrogenase (DD) activity in different cellular fractions isolated from
cell-free extracts from aerobically grown Mucor circinelloides YR-1 with different
carbon sources.

Specific activity*

Fraction Glucose Ethanol Naphthalene

4300g
Supernatant 42 ± 0.18 3.7 ± 0.005 267 ± 0.20

31,000g
Supernatant 4.5 ± 0.008 0.013 ± 0.002 1.91 ± 0.12
Pellet 1.6 ± 0.005 Nda Nda

165,000g
Cytosolic fraction 20.9 ± 0.05 0.49 ± 0.08 176 ± 0.16
Mixed membrane fraction Nda 0.13 ± 0.02 0.093 ± 0.006

Mycelial cells were broken (cell-homogenizer, Braun), and fractions were separated
by differential centrifugation and DD activity was assayed as described in Materials
and Methods. Enzyme activity is expressed as units per milligram of protein. The
values are the means and their standard deviations in three independent experi-
ments with triplicate determinations in each assay.
a Not detected.
* nM NADPH/min/mg protein.
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Estimation of isoelectric point (pI) of NDD

The isoelectric point of purified NDD was estimated by IEF using
two-dimension gel electrophoresis using an Ettan IPGphor 3 appa-
ratus (GE Healthcare), with a carrier ampholyte in the pH range of
3–10 (BenchMark). Pre-stained Protein Ladder (Invitrogen) stan-
dards from 25–250 kDa were used as molecular weight markers.
As IEF markers a Carbamylyte Calibration Kit for 2-D Electrophore-
sis containing creatine phosphokinase (MW-45 kDa) with an iso-
electric point range of 4.9–7.1 (Amersham Biosciences) was used.
In all cases proteins were visualized in the gels by Coomassie Blue
R-250 staining (Sigma, Co., St. Louis, MO, USA).

Enzyme assays

All enzyme assays were carried out in a final volume of 1 mL
and were incubated at different times at 25 �C. NADP+-dependent
NDD activity was assayed in the oxidative direction according to
Bergmeyer [35]. The enzymatic assays were performed in reaction
mixtures of 1.0 mL total volume containing 25 mM Tris–HCl (pH
8.5), 2 mM NADP+, cell-free extract (protein range of 100–
200 lg), and 100 mM naphthalenediol. The reaction was started
by the addition of dihydrodiol and reduction of NADP+ was moni-
tored by the increase in absorbance at 340 nm in a Beckman DU-
650 spectrophotometer. One unit of enzyme activity was defined
as the amount required to reduce 1 lmol of NADP+ per minute at
25 �C. Specific NDD activity was expressed as units per milligram
of protein.

Characterization of polyclonal antibodies and immunoblotting

Antiserum directed to the purified cis-naphthalene dihydrodiol
dehydrogenase was prepared in random-bred New Zealand rab-
bits. Five immunizations each containing 100 lg of the purified en-
zyme were given subcutaneously at two-week intervals. The first
immunization contained complete Freund adjuvant (DIFCO), while
the remaining four contained incomplete Freund adjuvant. One
week after the final injection, the animals were bled at weekly
intervals by marginal ear vein puncture. The gamma immunoglob-
ulin (IgG) fraction from the rabbit sera was obtained by precipita-
tion with ammonium sulfate followed by affinity chromatography
on Hi Trap rProtein A FF column (Amersham Biosciences, Corp. San
Francisco, Ca). For immunoblots, PAGE or SDS–PAGE gels were
transferred to a nitrocellulose membrane in a Mighty-Small Trans-
phor-unit (Hoeffer TE22; Pharmacia Biotech, San Francisco, CA,
USA). Detection was done using the polyclonal antibodies obtained
in this work against NDD and developed with an anti-rabbit sec-
ondary antibody coupled to peroxidase using 3,30-diaminobenzi-
dine (Sigma, Co., St. Louis, MO, USA) [36].

Immunotitration of NDD activity

One-tenth unit of purified NDD Affi-Gel Blue gel chromatogra-
phy column was incubated overnight in ice with increasing
amounts of anti-NDD serum or pre-immune serum. Total protein
concentrations in each sample were equated with BSA. After incu-
bation, the mixture (50 lL total) was transferred to a 1-mL cuvette
and NDD activity was assayed using the spectrophotometric assay
described above.

Miscellaneous

Protein concentration was measured according to the Lowry
method [37] using bovine serum albumin (BSA) as standard. Phen-
ylmethanesulphonyl fluoride, (1R, 2S)-cis-1, 2-di-hydro-1, 2-naph-
thalenediol and (1R, 2S)-trans-1, 2-di-hydro-1, 2-naphthalenediol
were purchased from Sigma (St. Louis, MO, USA). All reagents used
were analytical grade from J.T. Baker (Phillipsburg, NJ, USA).

Densitometric analysis was performed in a Gene Genius
Bio-Imaging System. Gene Snap. Syn. Gene. V. 6.05.01. SYNGENE.
Synoptic Systems. Software used was Gene Tools. Syn Gene. V.
3.06.02. Syn. Ltd.

Results

Sub-cellular distribution of dihydrodiol dehydrogenase activity

Our first approach was to assess the subcellular localization of
the dihydrodiol dehydrogenase activity present in cell-free ex-
tracts form M. circinelloides YR-1 grown in different carbon sources
by means of a variation of the method described by Bergmeyer [35]
(1983). When glucose or naphthalene was used as carbon source,
the enzymatic activity was present only in the cytosolic fraction
after a differential centrifugation procedure (Table 1). These results
led us to investigate how many different activities could be re-
vealed by electrophoretic zymograms in the cytosolic fraction of
the fungus when grown in different carbon sources.

Induction conditions of dihydrodiol-dehydrogenase activities

Mycelium grown aerobically with different carbon sources (see
Materials and methods) was used to obtain enzymatic extracts and
each was resolved in non-denaturing polyacrylamide gels and
stained for NADP+-dependent dihydrodiol dehydrogenase activity.
Under the conditions tested, five non-inducible bands and three
inducible bands of dihydrodiol dehydrogenase activity were de-
tected depending on the carbon source that was used in the culture
media. The five non-inducible activity bands were observed when
glucose was used as carbon source (Fig. 1, lane 1). These bands will
be referred to as constitutive dihydrodiol dehydrogenases 1–5
(DD1-5). NADP+-dependent inducible dihydrodiol dehydrogenase
activities were detected when aromatic hydrocarbons were used
as sole carbon source. A naphthalene-diol dehydrogenase (NDD)
was present in all extracts but when phenanthrene or pyrene
was used as carbon source, other two inducible bands with differ-
ent relative motilities were revealed. One of them exhibited the
lowest mobility PDD1 (Rm = 0.23 ± 0.006) and could be seen in
either phenanthrene or pyrene, but in the latter its intensity was
very low (Fig. 1). The other activity band exhibited a higher
mobility PDD2 (Rm = 0.78) and was revealed only in the enzymatic



PDD1

PDD2

NDD

DD1

DD2

DD5

DD3
DD4

1 2 3 87654

Fig. 1. Dihydrodiol dehydrogenase activities present in cell-free extracts of M. circinelloides YR-1. Mycelia in lane 1 was grown for 12 h and for lanes 2–8 were grown for 22 h
at 28 �C on sMMP medium with the carbon source indicated. Lanes: 1, 1% D-glucose; 2, 1% glycerol; 3, 0,5% n-naphthalene; 4, 0,5% anthracene; 5, 0.5% phenanthrene; 6, 0.5%
pyrene; 7, Medium lacking carbon source; 8, without substrate in the activity-reaction mixture. The crude cell-extracts were electrophoresed and stained as described in
Materials and Methods. Lines at the left side of the figure show the bands of non-inducible dihydrodiol dehydrogenase activities. Lines at the right side of the figure show the
bands of inducible dihydrodiol dehydrogenase activities. In all cases 300 lg of protein were loaded in each lane. In these set of gels 100 mM cis-naphthalenediol was used as
substrate and 2 mM NADP+ as electron acceptor. The results shown are representative of independently run gels from three independent experiments. The activity patterns
shown were reproducible.
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extract from medium containing phenanthrene as sole carbon
source (Fig. 1). These bands will be referred to as inducible dihy-
drodiol dehydrogenases. As a complementary test for this experi-
ment different alcohols and aliphatic hydrocarbons were used as
carbon source but none of them induced DD activity (data not
shown). For NDD activity the best inducer was naphthalene. The
other aromatic compounds did not induced such activity, pyrene
was a poorer inducer compared to anthracene or phenanthrene
(Fig. 1; Table 2). In glucose-grown mycelia all inducible DD activi-
ties were absent, suggesting that they were subject to carbon-
catabolite repression. When glycerol was used as carbon source,
only one band was revealed, which exhibited a similar relative
mobility as NDD3. No activity band was revealed in the zymo-
grams. Neither when the medium lacked a carbon source, nor
when no substrate was added to the reaction mixture (Fig. 1).

Behavior of the dihydrodiol dehydrogenases with cis- or trans-
naphthalenediol as substrate and NAD+ or NADP+ as electron acceptor

Since there are no reports in the literature about the existence
of cis-dihydrodiol dehydrogenase enzyme(s) in eukaryotic cells,
we tested for this purpose the available commercial substrates
(1R, 2S)-cis-1, 2-di-hydro-1, 2-naphthalenediol and (1R, 2S)-
trans-1, 2-di-hydro-1, 2-naphthalenediol to detect if there were
different enzymes with trans-dihydrodiol dehydrogenase activity
in the YR-1 strain that could use a cis-substrate, or if there existed
any DD that could use both substrates. Fig. 2 shows that the enzy-
matic activity was revealed when mycelium was grown in 0.5%
naphthalene as sole carbon source. NDD showed increased levels
of activity when measured with cis-naphthalenediol as substrate
and in comparison with the activity using trans-naphthalenediol
Table 2
Inducible NADP+-dependent dihydrodiol dehydrogenase activities present in cell free-extr

Carbon source Band intensitya (relative units)

PDD1 PDD2 NDD

n-Naphthalene 0 0 100
Anthracene 0 0 90.5
Phenantrene 82.9 103.5 84.5
Pyrene 8.0 0 38.4

Rm ¼
Distance migration by stained band
Distance migration by tracking dye

:

a Relative units were obtained by densitometry analysis from activity gels with respe
b Rm; standard deviation was calculated from three independent experiments and eac
as substrate and NADP+ as the electron acceptor. Likewise in 0.5%
phenanthrene as the carbon source PDD1 and PDD2 showed in-
creased levels of activity when measured by staining the gels for
activity with cis-naphthalenediol as substrate and NADP+ as the
electron acceptor (data not shown). NDD, PDD1, and PDD2 did
not exhibit enzymatic activity when NADP+ was replaced with
NAD+ as the electron acceptor using either cis- or trans-naphtha-
lenediol as substrate (Fig. 2).

Purification of di-hydrodiol dehydrogenase activity

The NADP+-dependent NDD activity present in crude extracts
from naphthalene-grown M. circinelloides YR-1 cultures was 6.35
and 72.1 times higher than the NDD activity of the crude extracts
grown with glucose and ethanol, respectively (Fig. 3, Table 1).
Thus, naphthalene-grown mycelia are the preferred condition to
isolate and purify inducible NDD.

The NDD protein was purified up to a 90,85-fold and to a spe-
cific activity of 76.4 units�mg�1 protein with an overall recovery
of 1.79% using affinity-chromatography on an AffiGel Blue gel col-
umn using a NaCl continuous gradient (0–1 M), followed by a
molecular exclusion-chromatography on a BioGel A 0.5 M column
(Table 3). Crude extracts of NDD were obtained from mycelia
grown for 22 h and under this condition the highest enzymatic
activity of the NDD was obtained.

High-speed centrifugation increased the specific activity up to
1,36-fold with 90.3% recovery of NDD activity. Affinity chromatog-
raphy was used immediately after high speed centrifugation in-
stead of ammonium sulfate fractionation or other fractionation
procedure since ammonium sulphate fractionation of extracts from
YR-1 grown in naphthalene resulted in a low recovery (2.1%) of
acts from Mucor circinelloides YR-1 grown in different carbon sources.

Rm
b

PDD1 PDD2 NDD

– – 0.65 ± 0.008
– – 0.65 ± 0.008
0.23 ± 0.006 0.78 ± 0.003 0.65 ± 0.008
0.22 ± 0.002 – 0.67 ± 0.008

ct to the NDD (100%).
h experiment was made by triplicate on each substrate.
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Fig. 2. Effect of cis or trans-naphthalenediol substrates and NADP or NAD as
electron acceptor on NDD activities present in cell-free extracts of M. circinelloides
YR-l. Mycelium of YR-1 strain was grown for 22 h at 28 �C on sMMP medium
supplemented with 0.5% of n-naphthalene. Mycelia were broken and cell-free
extracts were electrophoresed and stained for enzymatic-activity. Lanes: 1 and 2,
0.5% activity developed with 2 mM NADP as electron acceptor and 100 mM cis- or
trans- naphthalenediol as substrate; lanes 3 and 4, activity developed with 2 mM
NAD as electron acceptor and 100 mM cis- or trans- naphthalenediol respectively;
lane 5, media lacking carbon source and supplemented with 2 mM NADP as
electron acceptor and 100 mM cis- naphthalenediol; lane 6, reaction without
substrate. The amount of protein loaded per lane was 300 lg. Results shown are
representative gels run independently in three independent experiments. The
activity patterns shown were reproducible.
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Fig. 3. SDS–PAGE analysis of the NDD enzyme purified from aerobically grown
mycelium of M. circinelloides YR-1. Mycelia were grown for 22 h at 28 �C in 0.5% of
n-naphthalene as carbon source. Purified samples of each purification step were
loaded into a 12% SDS–PAGE. Gels were either Coomassie blue or silver stained.
Lanes: 1, Pre-stained molecular weight markers; lane 2, 125 lg protein from the
31,000g supernatant; lane 3, 125 lg from 164,500g supernatant; lane 4, 125 lg
from the Affi-gel Blue chromatography collected fractions (fractions 20–32) which
correspond to the maximal activity peak of NDD; lanes 5 and 6, Biogel A 0.5 M
molecular exclusion fractions, 50 lg and 15 lg total protein loaded in each lane.
Lanes 2–5, gels were Coomassie-Blue stained and in lane 6, Silver stain was used.
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NDD activity (data not shown). The affinity DEAE-AffiGel Blue gel
step resulted in the purification of NDD activity with no apparent
ADH activity. When peptides in this fraction were separated by
SDS–PAGE, one dominant band was observed (Fig. 3, L-4).

The SDS–PAGE protein patterns of various steps of the purifica-
tion procedure are shown in Fig. 3. Throughout the purification
process a protein with an apparent molecular mass of 49 kDa
was recovered. Lane 5 represents the NDD fraction eluted from
Table 3
Summary of purification steps of Dihydrodihydroxy-naphthalene dehydrogenase (NDD) fr

Fractionation step Protein (mg) Specific act

Crude extract 312.8 2.21
High-speed supernatant (164,500g) 173.4 3.6
Affinity chromatography column 1.34 76.4
Molecular exclusion chromatography column 0.062 76.4

a One unit of enzyme activity is defined as nM of NADPH formed per min. NDD assa
thalenediol 100 mM as the substrate and 2 mM NADP+ as the electron acceptor.
the molecular exclusion chromatography column. When 2 lg of
purified NDD were subjected to electrophoresis on SDS–PAGE
and silver-stained no contaminating peptides could be observed
in the range of detection (5–10 ng of protein) (Fig. 3 L-6). These re-
sults strongly suggest that protein with NDD activity in YR-1 strain
consists only of 49.03 ± 0.5 kDa subunits.

Characteristics of di-hydrodiol-dehydrogenase activity

Native molecular mass determined by calibrated-gel filtration,
was found to be of approximately 197.4 kDa. This result together
with the one obtained from the SDS–PAGE of pure NDD in which
the molecular weight determined for the putative subunits that
conform the whole protein was 49.03 ± 0.5 kDa, suggests that
NDD co be an homo-tetramer (Fig. 3).

The isoelectric point of the NDD was estimated to be 4.6 using
the two-dimension SDS–PAGE system [(GE Healthcare) Fig. 4].

Immunological characterization

Polyclonal antibodies against NDD were raised in rabbits immu-
nized with native PAGE-gel purified NDD in which the NDD activ-
ity band from a zymogram was cut and electro-eluted. Subsequent
SDS–PAGE and silver staining analysis [34] showed that this frac-
tion contained more than 90% of NDD protein. Immunoblot analy-
sis after PAGE of crude extracts from naphthalene-grown cells
using anti-NDD serum showed a single major immuno-reactive
band that corresponded to the activity band of NDD shown in
zymograms (Fig. 5). In the case of immunoblot analysis after
SDS–PAGE of crude extracts obtained from YR-1 mycelia grown
in naphthalene tested with anti-NDD serum showed a single major
immuno-reactive band with an apparent molecular mass of 49 kDa
(Fig. 5). Blots tested with pre-immune serum or without the first
antibody had no immuno-reactive bands (Fig. 5).

We decided to investigate whether this NDD activity could be
detected independently of the carbon source used to grow YR-1
strain by means of Immunoblot analysis after SDS–PAGE of crude
extracts from YR-1. Cells grown in different polycyclic-aromatic
hydrocarbons used as carbon source were probed with anti-NDD
serum. In the case of pyrene, when used as carbon source, the re-
vealed band was hardly detectable. When anthracene was used
as carbon source the 49 kDa band was practically absent (Fig. 6).

Immunotitration of NDD with preimmune serum and anti-NDD
sera indicated that the anti-NDD serum inhibits enzymatic activity
whereas preimmune serum has no effect on NDD activity (Fig. 7).
Discussion and conclusions

Several studies have been performed in NAD+-dependent
cis-dihydrodiol dehydrogenases (DD) of bacteria [38,39], but in
the case of NADP+-dependent trans-dihydrodiol dehydrogenases
almost all studies have been performed using mammalian tissues
[40–42]. Only a limited number of reports on these important
enzymes have been performed in fungi [43–45], particularly in
om Mucor circinelloides YR-1.

ivity (Ua/mg) Total activity (Ua) Purification fold Yield (%)

691.30 – 100
624.24 1.63 90.3
100.38 34.57 14.52
12.41 90.85 1.79

ys were performed as described in Materials and Methods using cis-dihydronaph-
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Phanerochaete chrisosporium [46,47]. At present only one report
exists about the detection of dihydrodiol dehydrogenase activities
by means of electrophoretic zymograms [31]. This methodology
PAGE

0.64

Rf
1 432

Fig. 5. Immunoblot of native (PAGE) or denatured (SDS–PAGE) NDD present in cell free
loaded per lane was as follows: Lanes: 1–3, loaded with 300 lg of protein; lane 4, 100 l
blotted with pre-immune-serum; lanes 2 and 6, were blotted without using the firs
naphthalenediol as substrate and 2 mM NADP as electron acceptor. Lanes 4 and 7, were bl
pre-stained molecular weight markers.

116.3
97.4

66.4

45

31

5kDa1 432

Fig. 6. Immunoblot of denatured NDD present in cell-free extracts from cells grown in 0
were loaded into an 10% SDS–PAGE. Proteins were blotted to a nitrocellulose membrane
native NDD. Lanes: 1–4, protein loading controls were Commassie Blue-stained; 6–9,
sources: Lanes: 1 and 6, Naphthalene; lanes 2 and 7, Anthracene; lanes 3 and 8, Phenant
cases, 100 lg of protein were loaded. The line at the right shows the molecular weight
represents an interesting approach because it allows to detect
and to compare the different isoenzymes present in the cell-free
extracts of a given organism that can be used as an enzymatic
source for further studies.

As suggested by our own work, the YR-1 strain possesses
extraordinary metabolic machinery that allows it to survive in ex-
tremely dangerous environments such as oil-contaminated soils.

Results obtained with differential centrifugation of DD activities
in cell-free extracts from YR-1 grown in with different polycyclic-
aromatic hydrocarbons used as carbon sources (Table 1) indicate
that the activity was only present in the supernatant fraction of
naphthalene-grown cells, suggesting the presence of a soluble
and inducible enzyme with DD activity. At present we cannot rule
out the possibility that the DD activity is located in the lumen of
microsomal bodies. Likewise, due to the drastic method used to
homogenize the cells (microballistic), the enzymatic activity may
appear in the cytosolic fraction when it is not actually there. There-
fore to assess this possibility, further experiments are needed. We
are presently conducting different experiments that involve su-
crose-density gradients (10–60% w/v) and electron transmission
microscopy in order to answer this question.

Analysis of DD activities by electrophoretic zymograms when D-
glucose was used as carbon source led us to detect five different
NADP+-dependent DD activities (Fig. 1, lane 1). The five constitu-
tive DD activities exhibit a different relative mobility each in
non-denaturing gel electrophoresis. They also exhibit different
preferences for the naphthalenediol that they use as a substrate.

In the case of aromatic hydrocarbons used as a single carbon
source we have shown that there are three different inducible
NADP+-dependent di-hydrodiol dehydrogenase activities. One of
them, NDD, was the only isoenzyme inducible by all aromatic
SDS-PAGE

116.3
97.4
66.4

45

31

21.5

49

kDa8765

extracts from YR-1 grown in 0.5% of n-naphthalene as sole carbon source. Protein
g protein; lanes 5–7, 25 lg protein. Blots were done as follows: Lanes 1 and 5 were
t antibody. In lane 3, zymogram-activity bands were revealed with 100 mM cis-
otted with polyclonal antibodies raised against native NDD (immune serum); lane 8,

49 kDa

9876

.5% of different carbon sources. 164,500g supernatants from aerobically grown cells
. Bands were revealed by cross-reaction using a polyclonal antibody raised against

Immune-serum immunodetection pattern. Cells grown with the following carbon
hreene; lanes 4 and 9, Pyrene; lane 5, pre-stained molecular-weight markers. In all
of the putative subunit of native NDD.
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hydrocarbons. NDD is presumably involved in the aromatic hydro-
carbon biodegradation pathway in the YR-1 strain (Fig. 1, lane 3;
Table 2). Naphthalene was the best inducer and pyrene the worst,
as carbon sources, and in the case of PDD1 and PDD2, phenan-
threne was the only inducer. Nonetheless, pyrene shows a very
low inducing effect on PDD (Fig. 1, lane 5; Table 2). The finding
of three DDs inducible by specific dihydrodiol as substrate is in
agreement with the number of potential DDs reported in the gen-
ome database of M. circinelloides [48]. All the inducible enzymes
were repressed when D-glucose was present in the culture media.
This evidence taken together with our previous results on sub-
strate specificity [31], strongly suggests that the three DDs may
participate in the aromatic hydrocarbon biodegradation pathway.
None of the three inducible DDs exhibit NAD+-dependent alcohol
dehydrogenase activity (Fig. 2). Our findings also suggest that the
degradation pathway of aromatic hydrocarbon compounds may
be involved in the resistance of strain YR-1 to polluted environ-
ments and it is not related to other forms of resistance such as
spore formation, thickening of the cell wall or overexpression of
specific transporters that may contribute to pollution tolerance.

Our findings mentioned above, regarding M. circinelloides YR-1
dihydrodiol dehydrogenase activities, are indicative of develop-
mental regulation of the different DD enzymes. The activity bands
revealed by zymograms when YR-1 was grown using different car-
bon sources exhibited a differential pattern of activity depending
on the carbon source used in the culture media. The result shown
in Fig. 2 suggests that a cis-substrate was better than a trans-sub-
strate to reveal all activity bands, in particular for NDD activity,
suggesting that this enzyme could be a cis-NDD. This finding con-
trasts with previous results obtained from different mammalian
models where the existence of trans-DD activities is constrained
to mammalian cells [6] and cis-DD activities is constrained to
prokaryotic cells [9]. To elucidate this question in the case of the
YR-1 strain, we are conducting different biochemical approaches
to calculate the respective kinetic constants of this interesting
enzyme.

To investigate some biochemical properties of the NDD we puri-
fied it to homogeneity. As shown in Fig. 3, the purification proce-
dure of NDD was successful while the recovery yield was low
(Table 3). As a complementary aspect to the purification criteria
as well as to determine the isoelectric point of the enzyme, we
ran a two-dimension-electrophoresis (Fig. 4). The final result sug-
gests that there are no contaminant proteins in our purified sam-
ples. Furthermore the calculated isoelectric point and molecular
weight (4.6 and 49 kDa, respectively) of the putative subunit of
the enzyme are in agreement with the results shown in Fig. 3.

The purified protein was used as an antigen to obtain polyclonal
antibodies. Fig. 5 shows that the antibody was capable of recogniz-
ing only one protein band, either the native protein in non-dena-
turing conditions [Fig. 5, lane 4 (Mr = 0.64)] or one band of
49 kDa in denaturing conditions (Fig. 5, lane 7). These results are
indicative that NDD could be a homo-polymeric protein and
strongly suggest a tetrameric conformation for the native enzyme.
This contrasts with the DD activities of monomeric or dimeric cyto-
solic proteins described in mammals [11,40,49,50].

In order to expand the immunological characteristics previously
described we demonstrated that, irrespective of the hydrocarbon
used as a carbon source for growth in the culture media, the poly-
clonal antibody recognized in the SDS–PAGE immune blot only one
protein band of 49 kDa (Fig. 6). Finally, we investigated the effect of
the antibody concentration on NDD activity. Immunotitration
studies using antiserum against NDD showed that the purified
NDD enzymatic activity is completely inhibited by the antibodies.
No loss in activity was observed when the purified NDD was incu-
bated with preimmune serum. This indicates that the antiserum
raised against the purified NDD reacts with a protein responsible
for NDD activity. The inhibitory effect on the enzymatic activity
(Fig. 7) suggests that it recognizes an epitope near the catalytic
center of the enzyme, blocking its activity. Nonetheless we cannot
rule out the possibility that the antibody may modify the enzy-
matic structure by interacting with NDD and that this interaction
causes some kind of rearrangement of the protein-structure pro-
moting the loss of activity. Particularly important is the fact that
NDD, PDD1 and PDD2, could form part of the aromatic hydrocar-
bon biodegradation pathway in the YR-1 strain, future genomic
analysis should prove that each protein is encoded by a single gene,
with either constitutive or inducible regulatory elements, all this is
in agreement with the M. circinelloides database prediction. Finally,
the details of the possible interaction between alcohols and hydro-
carbons metabolism remain to be determined.
Acknowledgments

Support for this research by the Universidad de Guanajuato
(Mexico) is gratefully acknowledged. Authors acknowledge Dr.
Bernardo Franco and Dra. Elizabeth Rodriguez for critically reading
the manuscript.



8 R.L. Camacho-Morales et al. / Protein Expression and Purification 97 (2014) 1–8
References

[1] T. Biegert, C. Eckerskorn, Purification and properties of benzyl alcohol
dehydrogenase from a denitrifying Thauera sp, Arch. Microbiol. 163 (1995)
418–423.

[2] D.T. Gibson, V. Subramanian, Microbial degradation of aromatic hydrocarbons,
in: D.T. Gibson (Ed.), Microbial Degradation of Organic Compounds, Marcel
Dekker, New York, 1984, pp. 181–252.

[3] D.M. Jerina, J.W. Daly, B. Witkop, P. Zaltzman-Niremburg, S. Underfriend, 1,2-
Naphthalene oxide as an intermediate in the microsomal hydroxylation of
naphthalene, Biochemistry 9 (1969) 147–156.

[4] F. Oesch, N. Kaubish, D.M. Jerina, J.W. Daly, Hepatic hepoxide hydrase:
structure–activity relationships for substrates and inhibitors, Biochemistry 10
(1971) 4858–4866.

[5] T.M. Penning, M.E. Burczynski, C.F. Hung, K.D. McCoull, N.T. Palackal, L.S.
Tsuruda, Dihydrodiol dehydrogenases and polycyclic aromatic hydrocarbon
activation: generation of reactive and redox active o-quinones, Chem. Res.
Toxicol. 12 (1999) 1–18.

[6] Y. Higaki, T. Kamiya, N. Usami, S. Shintani, H. Shiraishi, S. Ishikura, I.
Yamamoto, A Hara, Molecular characterization of two monkey dihydrodiol
dehydrogenases, Drug Metabol. Ph. 17 (2002) 348–356.

[7] H. Raschke, T. Fleischmann, J.R. Van der Meer, H.P.E. Kohler, Cis-Chlorobencene
dihydrodiol dehydrogenase (TcbB) from Pseudomonas sp strain P51 expressed
in Escherichia coli DH5a (pTCB149), catalyses enantioselective dehydrogenase
reactions, Appl. Environ. Microbiol. 65 (1999) 5242–5246.

[8] A.A. Khan, R.F. Wang, M.S. Nawaz, C.E. Cerniglia, Nucleotide sequence of the
gene encoding cis-biphenyl dihydrodiol dehydrogenase (bphB) and the
expression of an active recombinant His-Tagged bhpH gene product from a
PCB degrading bacterium, Pseudomonas putida OU83, FEMS Microbiol. Lett. 154
(1997) 317–324.

[9] D. Barriault, M. Vedadi, J. Powlowski, M. Silvestre, Cis-2,3-Dihydroxybiphenyl
dehydrogenase and cis-1,2-dihydroxynaphthalene dehydrogenase catalyse
dehydrogenation of the same range of substrates, Biochem. Biophys. Res.
Commun. 260 (1999) 181–187.

[10] R.M. Atlas, Bioremediation, Chem. Eng. News 12 (1995) 32–42.
[11] A. Hara, H. Taniguchi, T. Nakayama, H. Sawada, Purification and properties of

multiple forms of dihydrodiol dehydrogenases from human liver, J. Biochem.
108 (1990) 250–254.

[12] T. Hyötylainen, A. Oikari, The toxicity and concentrations of PAH’s in creosote-
contaminated lake sediment, Chemosphere 38 (1999) 1135–1144.

[13] C.E. Cerniglia, Fungal metabolism of polycyclic aromatic hydrocarbons: past,
present and future applications in bioremediation, J. Ind. Microbiol.
Biotechnol. 19 (1997) 324–333.

[14] M. Kastner, B. Mahro, Microbial degradation of polycyclic aromatic
hydrocarbons in soil affected by the organic matrix of compost, Appl.
Microbiol. Biotechnol. 44 (1996) 668–675.

[15] C.M. Kazunga, D. Aitken, A. Gold, R. Sangaiah, Fluoranthene-2,3 and 1,5-diones
are novel products from the bacterial transformation of fluoranthene, Environ.
Sci. Technol. 35 (2001) 917–922.

[16] J. Alper, Biotreatment firms rush marketplace, Biotechnology 11 (1993) 973–
975.

[17] D.T. Gibson, J.R. Kosh, C.L. Schuld, R.E. Kallio, Oxidative degradation of
aromatic hydrocarbons by microorganisms. II. Metabolism of halogenated
aromatic hydrocarbons, Biochemistry 7 (1968) 3795–3820.

[18] D.T. Gibson, J.R. Kosh, R.E. Kallio, Oxidative degradation of aromatic
hydrocarbons by microorganisms. I. Enzymatic formation of catechol from
benzene, Biochemistry 7 (1968) 2653–2662.

[19] T.L. Patel, D.T. Gibson, Purification and properties of (+)-cis-naphthalene
dihydrodiol dehydrogenase of Pseudomonas putida, J. Bacteriol. 119 (1974)
879–888.

[20] E. Neidle, C. Harnett, L.N. Ornston, A. Bairoch, M. Rekik, S. Harayama, Cis-Diol
dehydrogenases encoded by the TOL pWWO plasmid xylL geneand the
Acinetobacter calcoaceticus chromosomal benD gene are members of the
short – chain alcohol dehydrogenase superfamily, Eur. J. Biochem. 204
(1992) 113–120.

[21] S. Harayama, K.N. Timmis, Catabolism of aromatic hydrocarbons by
Pseudomonas, in: D.A. Hopwood, K.E. Chater (Eds.), Genetics of Bacterial
Diversity, Academic Press, London, 1989, pp. 151–174.

[22] B.J. Auret, D.R. Boyd, P.M. Robinson, C.G. Watson, The NIH shift during the
hydroxylation of aromatic substrates by fungi, J. Chem. Soc. Chem. Commun
24 (1971) 1585–1587.

[23] J.P. Ferris, L.H. MacDonald, M.A. Patrie, M.A. Martin, Aryl hydrocarbon
hydroxylase activity in the fungus Cunninghamella bainieri: evidence for the
presence of cytochrome P-450, Arch. Biochem. Biophys. 175 (1976) 443–452.

[24] J.P. Ferris, M.J. Fasco, F.L. Stylianoupoulou, D.M. Jerina, J.W. Daly, A.M. Jeffrey,
Monooxygenase activity in Cunninghamella bainieri: evidence for a fungal
system similar to liver microsomes, Arch. Biochim. Biophys. 156 (1973) 97–
103.
[25] C.E. Cerniglia, D.T. Gibson, Metabolism of naphthalene by Cunninghamella
elegans, Appl. Environ. Microbiol. 34 (1977) 363–370.

[26] R.V. Smith, J.P. Rosazza, Microbial models of mammalian metabolism.
Aromatic hydroxylation, Arch. Biochim. Biophys. 161 (1974) 551–558.

[27] J.H. Silva, V. Zazueta-Novoa, C.A. Durón, R.C. Rodríguez, M.C.A. Leal, R. Zazueta-
Sandoval, Intracellular distribution of fatty alcohol oxidase activity in Mucor
circinelloides YR-1 isolated from petroleum contaminated soils, Antonie Van
Leeuwenhoewk 96 (2009) 527–535, http://dx.doi.org/10.1007/s10482-0009-
9368-x.

[28] R. Zazueta-Sandoval, C.A. Durón, J.H. Silva, Peroxidases in YR-1 strain of Mucor
circinelloides a potential bioremediator of petroleum-contaminated soils, Ann.
Microbiol. 58 (2008) 421–426.

[29] R. Zazueta-Sandoval, V. Zazueta-Novoa, J.H. Silva, O.R. Cabrera, A different
method of measuring and detecting mono and di-oxygenase activities: key
enzymes in hidrocarbon biodegradation, Appl. Biochem. Biotechnol. 105–108
(2003) 725–736.

[30] C.A. Durón, H.J. Silva, V. Zazueta-Novoa, R. Zazueta-Sandoval, Detection of
NAD+-dependent alcohol dehydrogenase activities in YR-1 strain of Mucor
circinelloides a potential bioremediator of petroleum-contaminated soils, Appl.
Biochem. Biotechnol. 121–124 (2005) 205–217.

[31] M.R.L. Camacho, C.A. Durón, R. Zazueta-Sandoval, Analysis of glycerol
dehydrogenase activities present in Mucor circinelloides YR-1, Antonie Van
Leeuwenhoek 98 (2010) 437–445, http://dx.doi.org/10.1007/s10482-010-
9457-x.

[32] G.S. Bartnicki, W.J. Nickerson, Nutrition, growth and morphogenesis of Mucor
rouxii, J. Bacteriol. 84 (1962) 841–858.

[33] U.K. Laemli, Cleavage of structural proteins during the assembly of head of
bacteriophage T6, Nature 227 (1971) 680–685.

[34] W. Wray, T. Boulikas, V.P. Wray, R. Hankock, Silver staining of proteins in
polyacrylamide gels, Anal. Biochem. 118 (1981) 197–203.

[35] H.U. Bergmeyer, Alkoholdehydrogenase, in: H.U. Bergmeyer (Ed.), Methods of
enzymatic analysis, vol. 11, Verlag Chemie, Weinheim, 1983, p. 139. thirrd ed..

[36] C.Y. Alvarado, T.J.C. Bravo, V. Zazueta-Novoa, J.H. Silva, G.J.C. Torres, C.J.F.
Gutiérrez, R. Zazueta-Sandoval, Presence and physiological regulation of
alcohol oxidase activity in an indigenous fungus isolated from petroleum-
contaminated soils, Appl. Biochem. Biotechnol. 98–100 (2002) 243–255.

[37] O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein measurement with
the Folin Phenol reagent, J. Biol. Chem. 193 (1951) 265–275.

[38] Y. Jouanneau, C. Meyer, Purification and characterization of an arene cis-
dihydrodiol dehydrogenase endowed with broad substrate specificity toward
polycyclic hydrocarbon hydrodiols, Appl. Environ. Microbiol. 72 (2006) 426–
434.

[39] R. Van Herwijnen, D. Springael, P. Slot, A.J.H. Govers, R.J. Parsons, Degradation
of anthracene by Mycobacterium sp. Strain LB501T proceeds via a novel
pathway trough o-pthalic acid, Appl. Environ. Microbiol. 69 (2003) 186–190.

[40] V. Carbone, A. Hara, O. El-Kabbani, Structural and functional features of
dimeric dihydrodiol dehydrogenases, Cell. Mol. Life Sci. 65 (2008) 1464–1474.

[41] J. Chen, M. Adikari, R. Pallai, K.H. Parckh, H. Simpkins, Dihydrodiol
dehydrogenases regulate the generation of reactive oxygen species and the
development of cisplatin resistance in human ovarian carcinoma cells, Cancer
Chemother. Pharmacol. 61 (2008) 979–987.

[42] C.H. Chang, L.Y. Chen, P.C. Chan, T.K. Yeh, J.S. Kuo, J.C. Ko, Y.H. Fang,
Overexpression of dihydrodiol dehydrogenase as a prognostic marker in
resected gastric cancer patients, Dig. Dis. Sci. 54 (2009) 342–347.

[43] J.B. Sutherland, P.P. Fu, S.K. Yang, L.S. Von Tungeln, R.P. Casillas, S.A. Crow, C.E.
Cerniglia, Enantiomeric composition of the trans-dihydrodiols produced by
phenanthrene by fungi, Appl. Environ. Microbiol. 59 (1993) 2145–2149.

[44] K.E. Hammel, Mechanisms for polycyclic aromatic hydrcarbon degradation by
ligninolytic fungi, Environ. Health Perspect. 103 (1995) 41–43.

[45] L. Bezalel, Y. Hadar, C.E. Cerniglia, Enzymatic mechanisms involved in
phenanthrene degradation by the white-rot fungus Pleurotus ostreatus, Appl.
Environ. Microbiol. 63 (1997) 2495–2501.

[46] A. Muheim, R. Waldner, D. Sanglard, J. Reiser, H.E. Shoemaker, Purification and
properties of an aryl-alcohol dehydrogenase from the white-rot fungus
Phanerochaete chrysosporium, Eur. J. Biochem. 195 (1991) 369–375.

[47] B.W. Bogan, R.T. Lamar, Polycyclic aromatic hydrocarbon-degrading
capabilities of Phanerochaete laevis HHB-1625 and its extracellular
ligninolytic enzymes, Appl. Environ. Microbiol. 62 (1996) 1597–1603.

[48] S. Torres-Martínez, V. Garre, L. Corrochano, A.P. Eslava, S.E. Baker et al., Project
CBS277.49, v1.0 http//genome.jgi-PSF.org (2009). Consulted on August 4th
2013.

[49] T. Nakayama, H. Sanada, Y. Deyashiki, T. Kanazu, A. Hara, M. Shinoda, K.
Matzuura, Y. Bunai, I. Ohya, Distribution of dimeric dihydrodiol
dehydrogenase in pig tissues and its role in carbonyl metabolism, Adv. Exp.
Med. Biol. 284 (1990) 187–196.

[50] Y. Kallberg, V. Oppermann, H. Jörnvall, B. Persson, Short-chain
dehydrogenases/reductases (SDRs), Eur. J. Biochem. 269 (2002) 4409–4417.

http://refhub.elsevier.com/S1046-5928(14)00018-7/h0005
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0005
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0005
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0010
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0010
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0010
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0010
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0010
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0015
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0015
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0015
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0020
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0020
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0020
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0025
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0025
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0025
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0025
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0030
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0030
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0030
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0035
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0035
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0035
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0035
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0040
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0040
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0040
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0040
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0040
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0045
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0045
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0045
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0045
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0050
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0055
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0055
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0055
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0060
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0060
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0065
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0065
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0065
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0070
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0070
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0070
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0075
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0075
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0075
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0080
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0080
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0085
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0085
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0085
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0090
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0090
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0090
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0095
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0095
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0095
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0100
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0100
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0100
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0100
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0100
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0105
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0105
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0105
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0105
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0105
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0105
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0110
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0110
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0110
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0115
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0115
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0115
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0120
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0120
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0120
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0120
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0125
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0125
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0130
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0130
http://dx.doi.org/10.1007/s10482-0009-9368-x
http://dx.doi.org/10.1007/s10482-0009-9368-x
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0140
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0140
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0140
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0145
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0145
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0145
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0145
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0150
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0150
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0150
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0150
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0150
http://dx.doi.org/10.1007/s10482-010-9457-x
http://dx.doi.org/10.1007/s10482-010-9457-x
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0160
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0160
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0165
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0165
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0170
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0170
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0175
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0175
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0175
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0175
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0180
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0180
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0180
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0180
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0185
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0185
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0190
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0190
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0190
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0190
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0195
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0195
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0195
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0200
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0200
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0205
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0205
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0205
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0205
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0210
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0210
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0210
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0215
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0215
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0215
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0220
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0220
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0225
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0225
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0225
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0230
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0230
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0230
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0235
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0235
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0235
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0245
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0245
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0245
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0245
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0250
http://refhub.elsevier.com/S1046-5928(14)00018-7/h0250

	Purification and characteristics of an inducible by polycyclic aromatic hydrocarbons NADP+-dependent naphthalenediol dehydrogenase (NDD) in Mucor circinelloides YR-1
	Introduction
	Materials and methods
	Strain and culture conditions
	Preparation of cell-free extracts
	NDD purification
	Native molecular mass determination
	Gel electrophoresis
	Estimation of isoelectric point (pI) of NDD
	Enzyme assays
	Characterization of polyclonal antibodies and immunoblotting
	Immunotitration of NDD activity
	Miscellaneous

	Results
	Sub-cellular distribution of dihydrodiol dehydrogenase activity
	Induction conditions of dihydrodiol-dehydrogenase activities
	Behavior of the dihydrodiol dehydrogenases with cis- or trans-naphthalenediol as substrate and NAD+ or NADP+ as electron acceptor
	Purification of di-hydrodiol dehydrogenase activity
	Characteristics of di-hydrodiol-dehydrogenase activity
	Immunological characterization

	Discussion and conclusions
	Acknowledgments
	References


