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In the present study the polycyclic aromatic hydrocarbon removal and metabolic adaptation of Amycolatopsis
tucumanensis DSM 45259 were investigated. Analysis of one-dimensional gel electrophoresis of crude cell ex-
tracts revealed differential synthesis of proteins which were identified by MALDI-TOF. To elucidate the phe-
nanthrene metabolic pathway in A. tucumanensis DSM45259, two-dimensional electrophoresis and detection of
phenanthrene degradation intermediates by GS-MS were performed. The presence of aromatic substrates re-
sulted in changes in the abundance of proteins involved in the metabolism of aromatic compounds, oxidative

stress response, energy production and protein synthesis. The obtained results allowed us to clarify the phe-
nanthrene catabolic pathway, by confirming the roles of several proteins involved in the degradation process and
comprehensive adaptation. This may clear the way for more efficient engineering of bacteria in the direction of
more effective bioremediation applications.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds
with two or more fused benzene rings, originating from natural “as well
as” anthropogenic sources. They are widely distributed environmental
contaminants and have detrimental biological effects, including toxi-
city, mutagenicity and carcinogenicity (ATSDR, 2005; Peng et al.,
2008). PAHs are not easily degraded under natural conditions, their
persistence increments with the increase in molecular weight
(Cerniglia, 1992). Although they are the main air pollutants and soil
acts as final depository of these compounds (Usman et al., 2016). PAHs
released to the environment are removed via volatilization, photo-
oxidation, chemical oxidation, adsorption to soil particles and leaching;
however, the principal removal processes are thought to be microbial
transformation and degradation (Baboshin and Golovleva, 2012).
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Many of these compounds are extremely ubiquitous and recalcitrant
pollutants, therefore a large number of bacterial species have evolved
through metabolic versatility, adapting their catabolic activities in
order to metabolize them (Vandera et al., 2015). Numerous bacteria
isolated from soils and sediments are known to have the ability to use
PAHs as their sole carbon and energy source (Bamforth and Singleton,
2005; Cerniglia, 1992; Haritash and Kaushik, 2009; Sutherland, 1992).

Additionally, proteomics and metabolomics have been recently
employed in environmental and microbiological studies demonstrating
a high impact in the field of biodegradation and bioremediation,
leading to the identification of new catabolic pathways (Nesatyy and
Suter, 2007). Analysis at protein level is important in order to under-
stand bacterial physiology state and regulatory mechanisms during
biodegradation processes, because proteins are the functional biomo-
lecules in cellular activities (Graves and Haystead, 2002), and they
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should be characterized as part of a risk assessment of this process as
well.

Most research work about enzymes involved in PAH metabolism
and genetic regulation is focused on Pseudomonas and Sphingomonas
species (Isaac et al.,, 2013; Lu et al., 2013; Singleton et al., 2011).
However Mycobacterium, Rhodococcus, Nocardioides, and Novo-
sphingobium are actinobacterium species and were found to be able to
mineralize PAHs (Saito et al., 2000; Song et al., 2011; Zhong et al.,
2011).

Actinobacteria of the genus Amycolatopsis are soil microorganisms
and they are mainly recognized for their ability to produce secondary
metabolites with pharmacological applications (Gallo et al., 2010).
Amycolatopsis tucumanensis DSM 45259 was previously isolated from a
copper-polluted area in the province of Tucumén, Argentina
(Albarracin et al., 2010) and it was widely studied for its remarkable
copper-resistance, chromium and organochlorine pesticides removal
(Davila Costa et al., 2012, 2011; Polti et al., 2014). More recently, A.
tucumanensis DSM 45259 abilities for degradation of naphthalene,
phenanthrene, alkane and monoaromatic hydrocarbons as sole carbon
source were detected and hydrocarbons catabolic capacities were ana-
lyzed by microarray system (Bourguignon et al., 2016, 2014).

In the present study, a proteomic analysis of A. tucumanensis DSM
45259 exposed to naphthalene, phenanthrene and pyrene was con-
ducted to identify novel proteins involved in the degradation of these
PAHs.

Finally, a phenanthrene metabolic pathway by identification of
catabolic intermediates and proteins using GC-MS and two-dimensional
gel electrophoresis, respectively, is proposed.

The results presented here comprise the foundation of a protein
index for A. tucumanensis DSM 45259, and provide fundamental in-
formation on PAH degradation “as well as” other metabolic char-
acteristics in environmental strains of Amycolatopsis sp.

2. Materials and methods
2.1. Bacterial strain, chemicals and culture conditions

Amycolatopsis tucumanensis DSM 45259 was isolated from waste-
water sediment from a copper plant filter in the Tucumén province,
Argentina (Albarracin et al., 2005).

Naphthalene, phenanthrene and pyrene (> 99% purity) were pur-
chased from Sigma Aldrich Co. (St. Louis, MO, US). All chemicals used
in this study were analytical grade and acquired from standard manu-
facturers. PAHs stock solutions were 25 mM in acetone.

All assays were carried out in minimal media broth (MMb in g/L:
(NH.),S0., 2; K,HPO,, 0.5; MgSO.,7H,0, 0.2; FeSO,7H,0, 0.01 and
glucose, 1.25; pH 7) and Tryptone Soy Broth (TSB) was used for
maintenance of the strain and pre-cultures.

For proteomic assays, flasks containing 30 mL of MMb supple-
mented with: naphthalene, phenanthrene or pyrene (0.1 mM) were
inoculated with 2 gL ™" of wet biomass of A. tucumanensis DSM 45259
obtained from pre-cultures. Flasks were incubated in the dark, at 30 °C
on a rotary shaker (150 rpm) for 7 days. Before bacterial inoculation,
PAH solution was added and acetone was permitted to evaporate at
room temperature. All experiments were conducted in triplicate, and a
control sterile flask was prepared for each set-up in order to evaluate
abiotic loss. Biodegradation was calculated considering the PAH loss
occurring in the control.

2.2. Protein extraction

A. tucumanensis DSM 45259 was cultured as previously described for
biodegradation assays (point 2.1). The pellets were harvested at ex-
ponential phase by centrifugation (7728xg, 10 min, 4°C), cells were
washed twice with PBS (20 mM, pH 7) and re-suspended in 5mL of
extraction buffer (Tris-HCl 50 mM pH 8) with PMSF (1 mM) protease
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inhibitor. The cell disruption was performed through French press at
20.000 psi (1 psi= 6.895 kPa). The samples were centrifuged (12075xg;
10 min; 4 °C) for elimination of cell debris and whole cells. Total soluble
protein content was determined by the Bradford method with BioRad
reagents (Bradford, 1976) using BSA as reference protein.

2.3. One-dimensional gel electrophoresis

For one-dimensional gel electrophoresis (1-DE), 5% SDS, 10 mM
EDTA and 5% beta-mercaptoethanol were added to the protein homo-
genates, which were then incubated at 100 °C for 5min. A solution
containing sucrose (5%) and bromophenol blue (0.0125%) was added
before rerunning the samples on 10-12.5% polyacrylamide gels.
15-25 pg of total protein was run at 15 and 20 mA. SDS-PAGE was
carried out using the tris-glycine-SDS buffer system (Tris-HCI 25 mM pH
8.8, Glycine 192mM, SDS 0.1%). Gels were stained with Coomassie
Brilliant Blue R-250. Images were scanned with an Image Scanner III
and analyzed with Quantity One (BioRad). Only the bands that showed
any change (an increase or decrease) in their intensity of at least 1.5
times with respect to the control were selected to be identified.

2.4. Two-dimensional gel electrophoresis

Comparative study between the profile of proteins synthesized by A.
tucumanensis DSM 45259 in presence of glucose (1.25 gL~ 1) or glucose
(1.25gL’1) plus phenanthrene (0.1 mM) was performed by two-di-
mensional gel electrophoresis (2-DE). In the same way, cell homo-
genates were obtained as described above. To minimize SDS con-
centration, total proteins were precipitated with 9 vol. of acetone for
45 min. Precipitated proteins were washed three times with acetone by
centrifugation at 3018xg for 5min and resuspended in 100 pL of 8 M
urea, 4% (w v~ ') CHAPS, 50mM dithiothreitol (DTT), 2% (v v_ )
ampholytes (pH 3-7; GE Healthcare Life Science), and bromophenol
blue. The suspension was incubated for 3h with gentle shaking and
centrifuged at 8724xg for 5 min to remove insoluble proteins. Proteins
were quantified by the BCA method (Sigma-Aldrich, Saint Louis, USA).

Isoelectric focusing was performed in 18 cm immobilized pH gra-
dient strips (3-7NL, GE Healthcare Life Science), according to previous
assays with this actinobacteria (Davila Costa et al., 2012). The focused
strips were stored at —20°C until second-dimension electrophoresis
was performed. Thawed strips were equilibrated for 15 min in buffer
Tris-HCl 370 mM (pH 8.8) containing 6 M urea, 2% (w v~ 1) SDS, 20%
wv™hH glycerol, and 130 mM DTT, and then equilibrated for 15 min in
the same buffer containing iodoacetamide135 mM instead of DTT.
Second-dimension SDS-PAGE was performed on 12% polyacrylamide
gels at 22mA for 20h. Gels were stained using modified colloidal
Coomassie Brilliant Blue R-250 technique (Wang et al., 2007). Images
were scanned with an Image Scanner III and analyzed with Image
Master 2D Platinum v 7.0 (GE Healthcare Life Sciences).

2.5. Proteome analysis

Three replicates of each gel (1D or 2D) were obtained for each
sample. To match the detected spots a synthetic master gel was created
by matching representative gels with each other. Molecular mass (Mr)
of protein spots was determined using Sigma Protein Marker (S8445)
run at the acidic end of the IPG strip. Bands and individual spots were
excised from the gels and subjected to mass spectrometry analyses,
carried out by CEQUIBIEM (Centro de Estudios Quimicos y Bioldgicos
de Espectrometria de Masa), Facultad de Ciencias Exactas y Naturales,
UBA, Argentina. To focus on the protein changes that could be asso-
ciated with PAHs biodegradation, proteins whose synthesis appeared to
be decreased or repressed upon PAH treatment were not considered in
this analysis. Proteins were identified by peptide mass fingerprinting
with MASCOT program (Matrix Science Inc., Boston, MA; http://www.
matrixsciende.com/search-form-select.html). Fragmentation was
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carried out with more intense MS peaks (MS/MS). When possible, MS
and MS/MS information was combined for one or more peptide sear-
ches. De novo sequencing was inferred from BLAST results when peak
fragmentation was allowed. The percentage of protein coverage was
determined for each band or spot using the MASCOT search (Perkins
et al., 1999).

2.6. Analytical methods

PAH analysis was carried out by reverse-phase high performance
liquid chromatography (RP-HPLC) using a Waters e2695 HPLC equip-
ment with a PDA detector (Waters 2998, Waters Corporation, MA, USA)
operating at 276 nm of fixed wavelength. Filtered solutions were in-
jected into C18 mm Bondapak HPLC column (4.6_250 mm, 50 A° pore
size, 5um particle size). A methanol/water (9:1 v v~1) solution at a
flow rate of 1mLmin~' (Manohar et al., 2001) was established as
mobile phase during 25 min. PAH concentrations were calculated by
applying the external standard method.

Phenanthrene metabolites were extracted with hexane, then with
ethyl acetate and the aqueous fraction after extraction was acidified
with HC1 0.5 N to pH 1.5 and extracted again with ethyl acetate. The
residual extracts were dried; the samples were separated and the
components were identified in a Gas Chromatograph (Agilent
Technologies 6890) equipped with a Network Mass Selective Detector
(Agilent 5973), HP-5MS capillary column (30m X 0.25mm X
0.25 mm) and a split/splitless injector (Agilent 6850).

Running conditions consisted of: injector temperature: 280 °C, in-
jection volume: 1pL, carrier: helium gas, run mode: constant flow
1 mLmin~"!, temperature detector: 280 °C and sweeping masses from
40 to 500 amu. The Mass Detector was used in Single Ion Monitoring.
This assay was performed at the Laboratory of Analysis of Pesticide,
Chemistry Section, Experimental Station Obispo Colombres, EEAOC,
Tucuman.

3. Results and discussion

3.1. Comparison of the overall proteome profile in presence of naphthalene,
phenanthrene and pyrene

In a previous work, fifteen actinobacterium strains belonging to
Streptomyces, Rhodococcus and Amycolatopsis genus were described for
their capacity to remove and grow in presence of PAHs. After 7 days A.
tucumanensis DSM 45259 could remove 76.6%, 45.0% and 5.0% of
naphthalene, phenanthrene and pyrene, respectively. To the best of our
knowledge, this was the first report on PAHs degradation ability by a
member of the Amycolatopsis genus (Bourguignon et al., 2014). Fur-
thermore, the additional ability of DSM 45259 to produce bioemulsi-
fiers (Colin et al., 2013) represents a great advantage for bioremedia-
tion process.

To gain a better understanding of the metabolic capabilities of A.
tucumanensis DSM 45259, the proteome profiles of A. tucumanensis DSM
45259 after incubation with naphthalene, phenanthrene and pyrene
were compared to screen and detect proteins involved in PAHs biode-
gradation. The protein profiles in Fig. 1. show polypeptides with several
sizes ranging from 6.4 to 200 kDa and it is seen that PAHs exposure
altered protein patterns. The variability of the number of bands and
differences in the intensity of the bands with respect to the control,
were observed (Fig. 1.b.). Most of the differential bands in A. tucuma-
nensis DSM 45259 were detected in presence of naphthalene and phe-
nanthrene, the degree of difference in protein synthesis could be ex-
plained by the remarkable capability of this strain to degrade both
PAHs compared to pyrene (Bourguignon et al., 2014).

At least, six specific bands were observed in the proteome profiles of
A. tucumanensis DSM 45259 with higher intensities after exposure to the
three PAHs compounds compared with the control (glucose-growth).
They were identified using peptide mass fingerprinting or peptide
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Fig. 1. The total proteins of Amycolatopsis tucumanensis DSM 45259 separated
by SDS-polyacrylamide gel electrophoresis. (a) Proteome profiles where M,
marker; A, control; and supplemented with B, naphthalene C, phenanthrene; D,
pyrene. Differentially detected bands are indicated by dotted lines boxes. (b)
Ratio of protein amount synthetized in presence of each PAHs and the control
condition.

sequencing after MS/MS analysis (Table 1).

Bands 2, 3 and 6 were detected to be 1.8, 2.8 and 1.4-fold more
intense in the culture supplemented with naphthalene compared to the
control condition (Fig. 1.b). The molecular chaperone GroEL (band 2) is
located in the bacterial cytosol bound at partially folded proteins and it
is involved in restoration of native conformation proteins denatured by
stress (Deuerling and Bukau, 2004). The expression of this enzyme
would be considered as an adaptive response of the cells to PAHs ex-
posure stress. Methane monooxygenase and a domain of methane /
phenol / toluene family proteins (band 3) are proteins involved in
aromatic compounds metabolism, indicating their possible role in the
initial monooxygenation of PAHs. These enzymes are bacterial multi-
component oxygenases (BMOs) that catalyze oxidation of aromatic ring
carbons (Borodina et al., 2007; Patel et al., 1982), resulting in mono-
and dihydroxylated intermediates products (Sarma et al., 2009). Within
ring hydroxylating monooxygenases (RHMO catabolic gene family), the
gene Z36909 that encodes a phenol hydroxylase, that catalyzes the first
step in the degradation of phenol into catechol, was previously found in
the genomic microarray study of A. tucumanensis DSM 45259
(Bourguignon et al., 2016). Furthermore, the synthesis of
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Table 1
Identification of differentially synthesized proteins in Amycolatopsis tucumanensis DSM 45259 incubated with naphthalene, phenanthrene or pyrene.
Band MASCOT NCBI accession Protein Organism Identification MW (kDa) Peptides
score” number technique” matched®
1 142 2i|521091944 Enoyl-CoA hydratase Amycolatopsis sp. ATCC 39116 MS-MS/MS 71.35 13
2 606 i|521088446 Molecular chaperone GroEL Amycolatopsis sp. ATCC 39116 MS-MS/MS 57.840 14
3 202 2i|516606654 Methane monooxygenase Amycolatopsis multiespecies MS-MS/MS 64.07 25
142 2i|464806391 Methane / phenol / toluene family ~ Gordonia sp. NB4-1Y MS-MS/MS 63.20 21
proteins
4 280 2i|516609489 Aldehyde dehydrogenase Amycolatopsismethanolica MS-MS/MS 54.58 17
5 154 i|739955750 Methane monooxygenase Amycolatopsis sp. ATCC 39116 MS-MS/MS 64.09 23
6 365 i|516606658 Amidohydrolase Amycolatopsis methanolica MS-MS/MS 39.72 21

& MASCOT protein scores > 89 were significant (p < 0.05). MS/MS: individual ion scores > 22 indicate peptides with significant homology and individual ion

scores > 30 indicate identity or extensive homology (p < 0.05).
> MS-MS/MS indicates a combination of MS and MS/MS.

¢ Number of peptides observed in mass spectra contributing to identification.

amidohydrolase enzyme (band 6) was detected and it could implicate in
the bacterial degradation of PAHS. The amidohydrolase superfamily is
comprised of functionally diverse enzymes that catalyze the cleavage of
the C-N, C-C, C-0O, C-Cl, C-S, or O-P bond of structurally distinct or-
ganic compounds (Chowdhury et al., 2016), however Chowdhury et al.
(2016) described the oxygen-insensitive 2H1NA nonoxidative dec-
arboxylase that is the first bacterial enzyme belonging to the amido-
hydrolase superfamily that catalyzes an irreversible decarboxylation of
a hydroxynaphthoic acid, an aromatic acid. Other authors also reported
2-amino-3-carboxymuconate-6-semialdehyde decarboxylase (ACMSD)
detected in bacteria belonging to the amidohydrolase 2 family and in-
volving in aromatics compounds degradation pathway (Kirimura et al.,
2010; Li et al., 2006; Xu et al., 2013).

Knowing that A. tucumanensis DSM 45259 has a great ability to
remove naphthalene, it is inferred that the over-synthetized identified
enzymes with high values could play an important role in this catabolic
process.

Six differential protein bands intensified compared to the control
condition were observed in presence of phenanthrene. The over-
synthesis of Enoyl-CoA hydratase (band 1) is related with fatty acids
metabolism, which is a common phenomenon during bacterial PAHs
metabolism (Lee et al., 2007), additionally this enzyme was reported to
have a key role in phenylacetic acid catabolism in Gram positive bac-
teria: Rhodococcus sp. RHA1 and Arthrobacter phenanthrenivorans Sphe3
(Navarro-Llorens et al., 2005; Vandera et al., 2015). Moreover, the
over-synthesis of aldehyde dehydrogenase (band 4), which function is
dehydrogenation of dihydroxylated intermediate (Sho et al., 2004), was
previously reported during PAHs catabolism and generally its gene was
described along with the nidA gene for the large subunit of dioxy-
genases, suggesting it is a key enzyme in the PAHs pathway (Khan et al.,
2001; Lee et al., 2007; Navarro-Llorens et al., 2005). Both enzymes,
Enoyl-CoA hydratase and aldehyde dehydrogenase, were detected to be
more abundant uniquely upon exposure to phenanthrene. The mole-
cular chaperone GroEL (band 2), methane monooxygenase and a do-
main of methane / phenol / toluene family proteins (band 3) with other
methane monooxygenase (band 5) and amidohydrolase enzyme (band
6) were also detected in a range of 0.8-2.1 folds of over-synthesized in
presence of phenanthrene. Thereby A. tucumanensis DSM 45259 seems
to require different enzymes for the catabolism of this PAH whose
marked removal was verified.

Only band 3 was detected with high intensity in presence of pyrene
in the proteome profile (Fig. 1). The lowest removal percentage and less
differential protein synthesis were observed in presence of this four-ring
PAH.

3.2. Proteins from Amycolatopsis tucumanensis DSM 45259 differentially
synthesized in presence of phenanthrene

Since the greater number of over-synthesized bands was observed
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under phenanthrene supplementation, and all the selected bands were
related to the exposure to this PAH, we decided to deepen into the study
of the degradation of phenanthrene by A. tucumanensis DSM 45259.

Crude cell-free protein extracts of cultures in presence of phenan-
threne vs control condition (glucose) were separated on 2-DE gels. The
analysis of the gel images revealed at least 22 proteins synthesized only
under phenanthrene exposure in comparison with the control condition
in A. tucumanensis DSM 45259. Spots numbered from 1 to 22 shown in
the representative gel (Fig. 2) were successfully identified and it could
be considered that these proteins are likely to represent key proteins
related to PAH biodegradation.

The identity of these proteins witch repeatedly showed differences
in protein amount in the presence of phenanthrene are described in
Table 2. In 2-DE studies, key aromatic metabolism proteins and others
indirectly related with those could be identified, but some of other
proteins identified may not be involved in PAH degradation (Kim et al.,
2004). Some of the identified proteins had similar sequence and func-
tions to those described in the 1-DE electrophoresis study described
above. All identified proteins from 1-DE and 2-DE studies showed high
homology with those belonging to Amycolatopsis strains.

It is important to highlight the presence of another BMO named
toluene hydroxylase (spot 1), which is related with the metabolism of
aromatic compounds. Aldehyde dehydrogenase (spot 9) and alcohol
dehydrogenase (spot 14) are PAH-induced proteins presumably in-
volved in the PAH catabolic pathways and generally the genes that

P14 7
G S e : >

250- |«
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Fig. 2. Amycolatopsis tucumanensis DSM 45259 proteome in presence of phe-
nanthrene. The PAH over-synthesized spots were numbered and indicated with
circles. The pH gradient (linear) and molecular weight range marker
(25-250 kDa) are indicated at the top and left of the image, respectively.
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Fig. 3. GC-MS chromatograms of (a) hexane, (b) ethyl acetate and (c) ethyl acetate in acidic condition at 7 days of incubation, with phenanthrene as the sole carbon

source.
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encode them are located close to those related to key enzymes of the
catabolism of these compounds as dioxygenases (Khan et al., 2001; Lee
et al., 2007; Navarro-Llorens et al., 2005).

Binding substrate protein ABC sugar transporter (spots 16 and 17)
was synthetized in phenanthrene-culture condition in A. tucumanensis
DSM 45259 proteome and it is inferred that this enzyme could be in-
volved in the uptake of the hydrocarbon. Although it is known that the
phenanthrene and other PAHs are partitioned into the cell membranes
by passive diffusion (Bugg et al., 2000), PAHs active uptake mechan-
isms in Pseudomonas, Arthrobacter and Mycobacterium strains were de-
monstrated, in which ABC transport systems would be involved (de
Menezes et al., 2012; Vandera et al., 2015).

Moreover, universal stress protein (spot 20) and molecular cha-
perone DnaK (spot 5) were more abundant in presence of phenanthrene
too. DnaK belongs to the Hsp70 heat-shock system, aiding the co-
translational folding of proteins by binding to hydrophobic segments
(Vandera et al., 2015), and cooperates in the folding of newly synthe-
sized proteins and interacts with both nascent polypeptides and poly-
peptides released from the ribosome (Deuerling and Bukau, 2004).
Also, DnaK was reported specifically associated at cellular stress by
aromatics compounds in Pseudomonas spp. (Park et al., 2001). DnaK
and GroEL (band 2 of 1-DE analysis) were more abundant during
phenanthrene degradation by Arthrobacter phenanthrenivorans Sphe3
(Vandera et al., 2015). Some authors hypothesized that the synthesis of
these proteins is included in a bacterial response in order to ensure
survival in natural environments under different stress conditions (Lee
et al., 2007).

Additionally, Enoyl- CoA hydratase (spot 22) and amidohydrolase
(spot 1) were over-synthetized when cells were grown on phenanthrene
as in 1-DE study (band 1 and 6, respectively). Pyruvate dehydrogenase
multienzyme complex (spot 3), which included dihydro-lipoamide-
acetyl-transferase (spot 4), catalyzes pyruvate decarboxylation to
acetyl-CoA and it is the enzymatic step that connects glycolysis and the
tricarboxylic acid (TCA) cycle. Aconitate hydratase (spot 2), glycer-
aldehyde 3-phosphate dehydrogenase (spot 18) and succinyl-CoA syn-
thase (alpha subunit) (spot 21) belonging to TCA cycle, were found to
be over-synthesized. These enzymes are involved in carbohydrates
metabolism being the TCA cycle is a main source of energy (ATP) and
reducing power needed under stress conditions. Similar results have
been reported for the proteomes of Mycobacterium vanbaalenii PYR-1
grown on PAHs (Kim et al., 2004), Rhodococcus sp. RHA1 grown on
phenyl acetate (Navarro-Llorens et al., 2005) and Halomonas sp. AAD12
grown on phenol-(Ceylan et al., 2011).

In addition, the synthesis of GTP binding protein YchF (spot 10) and
FoF; ATP synthase subunit alpha (spot 15) were enhanced with phe-
nanthrene, both involved in energy production. The presence of DNA
polymerase III beta subunit (spot 10) implicated in replication of DNA,
suggested an active metabolic state with high replication rate upon
phenanthrene degradation, in comparison with the control (Seo et al.,
2009).

Furthermore, several proteins involved in the synthesis of new
proteins were found to be positively synthesized in cultures with phe-
nanthrene: DNA-directed RNA polymerase alpha subunit (spot 8),
elongation factor Tu (spot 12) and elongation factor Ts (spot 19), which
participate in DNA-transcription and RNA-translation. Thus, protein
synthesis is necessary to counteract oxidative stress “as well as” to carry
out hydrocarbon metabolism (Kim et al., 2004; Seo et al., 2009).

3.3. Identification of intermediate metabolites in degradation of
phenanthrene

Fig. 3 shows the chromatograms obtained from hexane, ethylacetate
and ethylacetate in acidic condition extracts of A. tucumanensis DSM
45259 phenanthrene-cultures. Eight intermediates of phenanthrene
degradation by A. tucumanensis DSM 45259 were identified by gas
chromatography coupled to mass spectroscopy (GC-MS). Phenanthrene
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(RT: 18.70 min) was detected at all conditions because of its incomplete
degradation at 7 days of incubation.

Dioxygenases are involved in the first step of phenanthrene bac-
terial degradation, these enzymes could incorporate oxygen atoms to
carbon atoms at positions 1,2; 2,3 or 9,10 (Peng et al., 2008). However,
dioxygenation at 9,10 positions were reported as the most common in
Gram positive bacteria resulting in 9,10-dihydro-9,10-dihydrophenan-
threne (RT: 21.51 min); which is degraded to 9-phenanthrol (RT:
21.86 min) (Moody et al., 2001), both compounds were detected as
intermediates in phenanthrene degradation by A. tucumanensis DSM
45259 (Fig. 3a and b).

1-phenanthrol (RT: 21.87 min), 2-phenanthrol (RT: 21.96 min) and
3-phenanthrol (RT: 21.98 min) were also detected (Fig. 3), they are
monohydroxylate compounds and these results could be explained by
dioxygenation at 1, 2 6 3, 4 phenanthrene position. Similar results were
observed in phenanthrene degradation by Rhodococcus sp. P14 (Song
et al., 2011). Moreover, L. adecarboxylata PS4040 initiates its attack on
pyrene by mono-oxygenation of C-1 position withl-hydroxypyrene as
an initial ring oxidation product (Sarma et al., 2009). The detection of
the high variety of monohydroxylated intermediates, the over-synthesis
of monooxygenase (methane monooxygenase and toluene hydroxylase)
detected in proteomics studies above and the presence of ring hydro-
xylating monooxygenase gene in microarray study (Bourguignon et al.,
2016), propose that A. tucumanensis DSM 45259 has diverse mono-
oxygenase, dioxygenase and/or monooxygenase-dioxygenase systems
combined, with broad specificity to degrade phenanthrene suggests that
phenanthrene initial attack would be at all the positions by A. tucu-
manensis DSM 45259. Similar results were obtained with mixed bac-
terial cultures in hydrocarbon degradation (Zhong et al., 2011).

4-methoxyphenanthrene (RT: 21.20 min) was detected at 7 days of
incubation in the hexane extract (Fig. 3.c.) as novel metabolite for
phenanthrene biodegradation studies; however other authors probed
the formation of o-methylated intermediates in phenanthrene, anthra-
cene, fluoranthene, pyrene and benzo[a]pyrene degradation (Moody
et al., 2001). Kinetic studies indicate that these methoxylated deriva-
tives are dead-end metabolites, which are formed to prevent the redox
cycles between catechol and quinone compounds which produce re-
active oxygen species, a phenomenon that occurs in parallel to de-
gradation (Kim et al., 2005; Moody et al., 2001). Mycobacterium van-
baalenii PYR-I oxidizes pyrene in 1 and 2 positions by initial
dioxygenation to form o-methyled 1,2-pyrene diol, as a detoxic process
(Kim et al., 2007; Peng et al., 2008).

In the bibliography, two lower pathways alternative to phenan-
threne microbial catabolism were reported; in the first one, an aromatic
ring is degraded to synthesize 1,2-hydroxynaphthalene, which is then
transformed into salicylic acid as in the degradation of naphthalene
(Deveryshetty and Phale, 2010). In the other degradation pathway, ring
opening results in the formation of phthalic acid and protocatechuic
acid, the protocateuic acid is degraded to pyruvic acid which is op-
tionally incorporated into the TCA cycle (Tomas-Gallardo et al., 2006).
The detection of phthalic acid in the culture extracts (RT: 19.88 min)
suggests that further phenanthrene degradation of A. tucumanensis DSM
45259 proceeds via o-phtalic acid pathway and while pyruvate was not
detected, its presence can be inferred by over-synthesis of the pyruvate
dehydrogenase enzyme observed in proteomic studies described above,
which serves to transform pyruvate into TCA intermediates (Fig. 2).
Moreover, Bourguignon et al. (2016) reported the degradation of
phthalate by A. tucumanensis DSM 45259 by identifying the increasing
abundance level of protocatechuic acid and 3-oxoadipic acid (phthalic-
degradation products) and in combination with the identification of a
gene encoding a phthalate 4,5-dioxygenase in the microarray demon-
strate that the catabolism of phthalate takes place via the proto-ca-
techuic ortho cleavage pathway in which a protocatechuate 3,4-diox-
ygenase may be implicated, as is proposed in the novel pathway
(Fig. 2). The phthalic acid degradation to catechol and muconic acid
and then to TCA intermediates also was documented (Balachandran
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et al., 2012). Alternatively, phthalic acid could be transformed through
B-ketoadipatepathway and finally resulting in the production of TCA
cycle intermediates (Singh et al. 2013).

At retention time of 17.90min the benzoic acid was detected
(Fig. 3.b) which is the product of oxidative catabolism of several aro-
matic hydrocarbons (Prabhu and Phale, 2003), it was reported as a
metabolite in naphthalene degradation by Streptomyces sp. ERI-CPDA-1
(Balachandran et al., 2012) and in phenanthrene degradation by No-
cardia otitidiscaviarum TSH1 (Zeinali et al., 2008). Several authors
propose the benzoic acid as product of the decarboxylation of phthalic
acid (Zeinali et al., 2008) and as was described above this metabolite
was also found in the catabolism of phenanthrene by A. tucumanensis
DSM 45259 (Fig. 3a and b). In addition, the use of benzoate as the sole
carbon source by A. tucumanensis DSM 45259 was previously demon-
strated and the gene encoding benzoate 1,2-dioxygenase related to ring
hydroxylating dioxygenases (RHDO catabolic gene family) was de-
tected with high intensity of hybridization in microarray analysis of
strain DSM 45259 (Bourguignon et al., 2016).

The co-occurrence of benzoic acid and phthalic acid has also been
reported during metabolism of naphthalene by thermophilic Bacillus
thermoleovorans (Annweiler et al., 2000) and the metabolism of fluor-
anthene by Mycobacterium sp. PYR-1 and Pasteurella sp. IFA (Kelley
et al., 1993; Sepic et al., 1998).

Fig. 4 shows the catabolic pathway proposed for phenanthrene de-
gradation by A. tucumanensis DSM 45259 based in differentially syn-
thetized proteins and intermediates detected. The catabolic pathway is
also supported by experimental evidence as presence of catabolic genes,
enzymatic activity, use of phenanthrene and intermediates as the only
carbon source, previously reported and referred throughout this work
(Bourguignon et al., 2016, 2014).

Thus, it proposes that phenanthrene can enter in the cell by passive
or active transport (ABC transporter sugar), after the initial attack by
mono or dioxygenase enzyme, which gives rise to mono- and
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dihydroxylated phenanthrene compounds. It can also form 4- methox-
yphenanthrene as o-methylated intermediate. Then it found the lower
degradation pathways comprising phthalate pathway and catechol
pathway. Finally, tricarboxylic acid cycle intermediates were originated
to conclude the central metabolism.

4. Conclusions

This study is the first report on the proteome of A. tucumanensis DSM
45259 involved in PAHs degradation, and furthermore, provided new
insights into the catabolic abilities of strain DSM 45259. Several pro-
teins were differentially synthesized during growth on naphthalene,
phenanthrene, pyrene and glucose and multiple cellular functions in
response to the exposition at the different PAHs.

The combination of proteomic analysis data and phenanthrene
metabolites detected, have also allowed us to clarify the phenanthrene
catabolic pathway. Our results have shown that DSM 45259 degraded
PAH through the monooxidation of aromatic rings. In addition, the
presence of PAH triggered the synthesis of proteins involved in the
defense against oxidative stress and other related to protein biosynth-
esis, transport and energy gain.

This is the first work that has comprehensively studied the protein
composition to reveal the metabolism of phenanthrene in DSM 45259.
Further investigations are required to elucidate the regulatory me-
chanisms into the complex metabolic processes involved in PAH de-
gradation by A. tucumanensis DSM 45259.

Acknowledgments

This work was supported by grants from the National Research
Council of Argentina (CONICET). NB, PI and DM are recipient of a
fellowship from CONICET. MCE, VI and MF are staff members of
CONICET. The authors are grateful to M.J. Amoroso for their invaluable

Fig. 4. Proposed phenanthrene degradation
pathway in Amycolatopsis tucumanensis DSM
45259 based on proteomic analyses and inter-
mediates detected. In circles enzymes over-
synthesized in the presence of phenanthrene:
ABC sugar transporter, bacterial
oxygenase oxygenase (BMO): methane mono-
oxygenase/ toluene hidroxylase, pyruvate de-
hydrogenase (PDH), succinyl-CoA synthase
(SCoAS), aconitate hydratase (ACO) and gri-
ceraldehyde  3-phosphate  dehydrogenase
(G3PD). Metabolites in brackets were pro-
posed, but not detected.

mono-

1 .
No .
T \
succinate h

=8



N. Bourguignon, et al.

contribution to the knowledge of A. tucumanensis DSM 45259 and
others actinobacteria.

Funding sources

This work was supported by grants from Agencia Nacional de
Promocién Cientifica y Tecnolégica, FonCyT PICT 2013-0932 and PICT
2015-1867.

Conflict of interest
None declared.
References

Albarracin, V.H., Alonso-Vega, P., Tryjillo, M.E., Amoroso, M.J., Abate, C.M., 2010.
Amycolatopsis tucumanensis sp. nov., a copper-resistant actinobacterium isolated
from polluted sediments. Int. J. Syst. Evol. Microbiol. 60, 397-401.

Albarracin, V.H., Amoroso, M.J., Abate, C.M., 2005. Isolation and characterization of
indigenous copper-resistant actinomycete strains. Chem. Erde - Geochem. 65,
145-156.

Annweiler, E., Richnow, H.H., Antranikian, G., Hebenbrock, S., Garms, C., Franke, S.,
Francke, W., Michaelis, W., 2000. Naphthalene degradation and incorporation of
naphthalene-derived carbon into biomass by the thermophile Bacillus thermo-
leovorans. Appl. Environ. Microbiol. 66, 518-523.

ATSDR, U., 2005. Toxicological profile for naphthalene, 1-methylnaphthalene, and 2-
methylnaphthalene. US Department of Health and Human Services, Agency for Toxic
Substances and Disease Registry. August 2005. Accessible via: http.

Baboshin, M.A., Golovleva, L.A., 2012. Aerobic bacterial degradation of polycyclic aro-
matic hydrocarbons (PAHs) and its kinetic aspects. Microbiology 81, 639-650.
Balachandran, C., Duraipandiyan, V., Balakrishna, K., Ignacimuthu, S., 2012. Petroleum
and polycyclic aromatic hydrocarbons (PAHs) degradation and naphthalene meta-

bolism in Streptomyces sp. (ERI-CPDA-1) isolated from oil contaminated soil.
Bioresour. Technol. 112, 83-90.

Bamforth, S.M., Singleton, 1., 2005. Bioremediation of polycyclic aromatic hydrocarbons:
current knowledge and future directions. J. Chem. Technol. Biot. 80, 723-736.
Borodina, E., Nichol, T., Dumont, M.G., Smith, T.J., Murreil, J.C., 2007. Mutagenesis of
the “leucine gate” to explore the basis of catalytic versatility in soluble methane

monooxygenase. Appl. Environ. Microbiol. 73, 6460-6467.

Bourguignon, N., Bargiela, R., Rojo, D., Chernikova, T.N., de Rodas, S.A.L., Garcia-
Cantalejo, J., Néther, D.J., Golyshin, P.N., Barbas, C., Ferrero, M., Ferrer, M., 2016.
Insights into the degradation capacities of Amycolatopsis tucumanensis DSM 45259
guided by microarray data. World. J. Microbiol. Biot. 32 (12), 201.

Bourguignon, N., Isaac, P., Alvarez, H., Amoroso, M.J., Ferrero, M.A., 2014. Enhanced
polyaromatic hydrocarbon degradation by adapted cultures of actinomycete strains.
J. Basic Microb. 54, 1288-1294.

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72,
248-254.

Bugg, T., Foght, J.M., Pickard, M.A., Gray, R., 2000. Uptake and active efflux of polycyclic
aromatic hydrocarbons by pseudomonas uptake and active efflux of polycyclic aro-
matic hydrocarbons by Pseudomonas fluorescens LP6a. Appl. Environ. Microbiol. 66
(12), 5387-5392.

Cerniglia, C.E., 1992. Biodegradation of polycyclic aromatic hydrocarbons.
Biodegradation 3, 351-368.

Ceylan, S., Akbulut, B.S., Denizci, A.A., Kazan, D., 2011. Proteomic insight into phenolic
adaptation of a moderately halophilic Halomonas sp. strain AAD12. Can. J.
Microbiol. 57, 295-302.

Chowdhury, P.P., Basu, S., Dutta, A., Dutta, T.K., 2016. Functional characterization of a
novel member of the amidohydrolase 2 protein family, 2-hydroxy-1-naphthoic acid
nonoxidative decarboxylase from Burkholderia sp. strain BC1. J. Bacteriol. 198,
1755-1763.

Colin, V.L., Castro, M.F., Amoroso, M.J., Villegas, L.B., 2013. Production of bioemulsifiers
by Amycolatopsis tucumanensis DSM 45259 and their potential application in re-
mediation technologies for soils contaminated with hexavalent chromium. J. Hazard.
Mater. 261, 577-583.

Dévila Costa, J.S., Albarracin, V.H., Abate, C.M., 2011. Responses of environmental
Amycolatopsis strains to copper stress. Ecotoxicol. Environ. Safe. 74, 2020-2028.

Dévila Costa, J.S., Kothe, E., Abate, C.M., Amoroso, M.J., 2012. Unraveling the
Amycolatopsis tucumanensis copper-resistome. BioMetals 25, 905-917.

de Menezes, A., Clipson, N., Doyle, E., 2012. Comparative metatranscriptomics reveals
widespread community responses during phenanthrene degradation in soil. Environ.
Microbiol. 14, 2577-2588.

Deuerling, E., Bukau, B., 2004. Chaperone-assisted folding of newly synthesized proteins
in the cytosol. Crit. Rev. Biochem. Mol. 39, 261-277.

Deveryshetty, J., Phale, P.S., 2010. Biodegradation of phenanthrene by Alcaligenes sp.
strain PPH: partial purification and characterization of 1-hydroxy-2-naphthoic acid
hydroxylase. FEMS Microbiol. Lett. 311, 93-101.

Gallo, G., Renzone, G., Alduina, R., Stegmann, E., Weber, T., Lantz, A.E., Thykaer, J.,
Sangiorgi, F., Scaloni, A., Puglia, A.M., 2010. Differential proteomic analysis reveals
novel links between primary metabolism and antibiotic production in Amycolatopsis

27

Ecotoxicology and Environmental Safety 175 (2019) 19-28

balhimycina. Proteomics 10, 1336-1358.

Graves, P.R., Haystead, T.A.J., 2002. Molecular biologist’s guide to proteomics.
Microbiol. Mol. Biol. Rev. 66, 39-63.

Haritash, A.K., Kaushik, C.P., 2009. Biodegradation aspects of Polycyclic Aromatic
Hydrocarbons (PAHs): a review. J. Hazard. Mater. 169, 1-15.

Isaac, P., Sanchez, L.A., Bourguignon, N., Cabral, M.E., Ferrero, M.A., 2013. Indigenous
PAH-degrading bacteria from oil-polluted sediments in Caleta Cordova, Patagonia
Argentina. Int. Biodeterior. Biodegr. 82, 207-214.

Kelley, 1., Freeman, J.P., Evans, F.E., Cerniglia, C.E., 1993. Identification of metabolites
from the degradation of fluoranthene by Mycobacterium sp. strain PYR-1. Appl.
Environ. Microbiol. 59, 800-806.

Khan, A.A., Wang, R.F., Cao, W.W., Doerge, D.R., Wennerstrom, D., Cerniglia, C.E., 2001.
Molecular cloning, nucleotide sequence, and expression of genes encoding a poly-
cyclic aromatic ring dioxygenase from Mycobacterium sp strain PYR-1. Appl.
Environ. Microbiol. 67, 3577-3585.

Kim, S.-J., Jones, R.C., Cha, C.-J., Kweon, O., Edmondson, R.D., Cerniglia, C.E., 2004.
Identification of proteins induced by polycyclic aromatic hydrocarbon in
Mycobacterium vanbaalenii PYR-1 using two-dimensional polyacrylamide gel elec-
trophoresis and de novo sequencing methods. Proteomics 4, 3899-3908.

Kim, S.J., Kweon, O., Jones, R.C., Freeman, J.P., Edmondson, R.D., Cerniglia, C.E., 2007.
Complete and integrated pyrene degradation pathway in Mycobacterium vanbaalenii
PYR-1 based on systems biology. J. Bacteriol. 189, 464-472.

Kim, Y.H., Freeman, J.P., Moody, J.D., Engesser, K.H., Cerniglia, C.E., 2005. Effects of pH
on the degradation of phenanthrene and pyrene by Mycobacterium vanbaalenii PYR-
1. Appl. Microbiol. Biot. 67, 275-285.

Kirimura, K., Gunji, H., Wakayama, R., Hattori, T., Ishii, Y., 2010. Enzymatic Kolbe—
Schmitt reaction to form salicylic acid from phenol: enzymatic characterization and
gene identification of a novel enzyme, Trichosporon moniliiforme salicylic acid
decarboxylase. Biochem. Biophys. Res. Co. 394, 279-284.

Lee, S.E., Seo, J.S., Keum, Y.S., Lee, K.J., Li, Q.X., 2007. Fluoranthene metabolism and
associated proteins in Mycobacterium sp. JS14. Proteomics 7, 2059-2069.

Li, T., Iwaki, H., Fu, R., Hasegawa, Y., Zhang, H., Liu, A., 2006. a-Amino-f-carbox-
ymuconic-e-semialdehyde decarboxylase (ACMSD) is a new member of the amido-
hydrolase superfamily. Biochemistry-US 45, 6628-6634.

Lu, J., Guo, C., Li, J., Zhang, H., Lu, G., Dang, Z., Wu, R., 2013. A fusant of Sphingomonas
sp. GY2B and Pseudomonas sp. GP3A with high capacity of degrading phenanthrene.
World J. Microbiol. Biot. 29, 1685-1694.

Manohar, S., Kim, C., Karegoudar, T., 2001. Enhanced degradation of naphthalene by
immobilization of Pseudomonas sp. strain NGK1 in polyurethane foam. Appl.
Microbiol. Biot. 55, 311-316.

Moody, J.D., Freeman, J.P., Doerge, D.R., Cerniglia, C.E., 2001. Degradation of phe-
nanthrene and anthracene by cell suspensions of Mycobacterium sp. strain PYR-1.
Appl. Environ. Microbiol. 67, 1476-1483.

Navarro-Llorens, J.M., Patrauchan, M.A., Stewart, G.R., Davies, J.E., Eltis, L.D., Mohn,
W.W., 2005. Phenylacetate catabolism in Rhodococcus sp. strain RHA1: a central
pathway for degradation of aromatic compounds. J. Bacteriol. 187, 4497-4504.

Nesatyy, V.J., Suter, M.J.F., 2007. Proteomics for the analysis of environmental stress
responses in organisms. Environ. Sci. Technol. 41, 6891-6900.

Patel, R.N., Hou, C.T., Laskin, A.L, Felix, A., 1982. Microbial oxidation of hydrocarbons:
properties of a soluble methane monooxygenase from a facultative methane-utilizing
organism, Methylobacterium sp. strain CRL-26. Appl. Environ. Microbiol. 44,
130-1137.

Peng, R.H., Xiong, A.S., Xue, Y., Fu, X.Y., Gao, F., Zhao, W., Tian, Y.S., Yao, Q.H., 2008.
Microbial biodegradation of polyaromatic hydrocarbons. FEMS Microbiol. Rev. 32,
927-955.

Perkins, D.N., Pappin, D.J.C., Creasy, D.M., Cottrell, J.S., 1999. Probability-based protein
identification by searching sequence databases using mass spectrometry data.
Electrophoresis 20, 3551-3567.

Polti, M.A., Aparicio, J.D., Benimeli, C.S., Amoroso, M.J., 2014. Simultaneous bior-
emediation of Cr(VI) and lindane in soil by actinobacteria. Int. Biodeterior. Biodegr.
88, 48-55.

Prabhu, Y., Phale, P.S., 2003. Biodegradation of phenanthrene by Pseudomonas sp. strain
PP2: novel metabolic pathway, role of biosurfactant and cell surface hydrophobicity
in hydrocarbon assimilation. Appl. Microbiol. Biot. 61, 342-351.

Saito, A., Iwabuchi, T., Harayama, S., 2000. A novel phenanthrene dioxygenase from
Nocardioides sp. strain KP7: expression in Escherichia coli. J. Bacteriol. 182,
2134-2141.

Sarma, P.M., Duraja, P., Deshpande, S., Lal, B., 2009. Degradation of pyrene by an enteric
bacterium, Leclercia adecarboxylata PS4040. Biodegradation 21, 59-69.

Seo, J.S., Keum, Y.S., Li, Q.X., 2009. Bacterial degradation of aromatic compounds. Int. J.
Environ. Res. Pub. Health 6, 278-309.

Sepic, E., Bricelj, M., Leskovsek, H., 1998. Degradation of fluoranthene by Pasteurella sp.
IFA and Mycobacterium sp. PYR-1: isolation and identification of metabolites. J.
Appl. Microbiol. 85, 746-754.

Sho, M., Hamel, C., Greer, C.W., 2004. Two distinct gene clusters encode pyrene de-
gradation in Mycobacterium sp. strain S65. FEMS Microbiol. Ecol. 48, 209-220.
Singleton, D.R., Richardson, S.D., Aitken, M.D., 2011. Pyrosequence analysis of bacterial
communities in aerobic bioreactors treating polycyclic aromatic hydrocarbon-con-

taminated soil. Biodegradation 22, 1061-1073.

Song, X., Xu, Y., Li, G., Zhang, Y., Huang, T., Hu, Z., 2011. Isolation, characterization of
Rhodococcus sp. P14 capable of degrading high-molecular-weight polycyclic aro-
matic hydrocarbons and aliphatic hydrocarbons. Mar. Pollut. Bull. 62, 2122-2128.

Sutherland, J.B., 1992. Detoxification of polycyclic aromatic hydrocarbons by fungi. J.
Ind. Microbiol. 9, 53-61.

Tomaés-Gallardo, L., Canosa, L., Santero, E., Camafeita, E., Calvo, E., Lépez, J.A., Floriano,
B., 2006. Proteomic and transcriptional characterization of aromatic degradation


http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref1
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref1
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref1
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref2
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref2
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref2
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref3
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref3
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref3
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref3
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref4
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref4
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref5
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref5
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref5
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref5
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref6
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref6
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref7
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref7
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref7
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref8
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref8
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref8
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref8
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref9
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref9
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref9
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref10
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref10
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref10
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref11
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref11
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref11
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref11
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref12
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref12
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref13
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref13
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref13
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref14
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref14
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref14
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref14
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref15
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref15
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref15
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref15
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref16
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref16
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref17
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref17
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref18
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref18
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref18
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref19
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref19
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref20
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref20
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref20
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref21
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref21
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref21
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref21
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref22
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref22
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref23
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref23
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref24
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref24
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref24
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref25
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref25
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref25
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref26
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref26
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref26
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref26
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref27
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref27
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref27
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref27
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref28
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref28
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref28
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref29
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref29
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref29
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref30
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref30
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref30
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref30
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref31
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref31
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref32
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref32
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref32
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref33
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref33
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref33
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref34
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref34
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref34
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref35
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref35
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref35
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref36
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref36
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref36
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref37
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref37
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref38
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref38
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref38
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref38
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref39
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref39
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref39
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref40
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref40
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref40
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref41
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref41
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref41
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref42
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref42
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref42
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref43
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref43
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref43
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref44
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref44
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref45
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref45
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref46
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref46
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref46
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref47
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref47
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref48
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref48
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref48
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref49
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref49
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref49
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref50
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref50
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref51
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref51

N. Bourguignon, et al.

pathways in Rhodoccocus sp. strain TFB. Proteomics 6, S119-S132.

Usman, M., Hanna, K., Haderlein, S., 2016. Fenton oxidation to remediate PAHs in
contaminated soils: a critical review of major limitations and counter-strategies. Sci.
Total Environ. 569, 179-190.

Vandera, E., Samiotaki, M., Parapouli, M., Panayotou, G., Koukkou, A.L, 2015.
Comparative proteomic analysis of Arthrobacter phenanthrenivorans Sphe3 on phe-
nanthrene, phthalate and glucose. J. Proteom. 113, 73-89.

Wang, X., Li, X., Li, Y., 2007. A modified Coomassie Brilliant Blue staining method at
nanogram sensitivity compatible with proteomic analysis. Biotechnol. Lett. 29,
1599-1603.

28

Ecotoxicology and Environmental Safety 175 (2019) 19-28

Xu, S., Li, W., Zhu, J., Wang, R., Li, Z., Xu, G.-L., Ding, J., 2013. Crystal structures of
isoorotate decarboxylases reveal a novel catalytic mechanism of 5-carboxyl-uracil
decarboxylation and shed light on the search for DNA decarboxylase. Cell Res. 23,
1296.

Zeinali, M., Vossoughi, M., Ardestani, S.K., 2008. Degradation of phenanthrene and an-
thracene by Nocardia otitidiscaviarum strain TSH1, a moderately thermophilic bac-
terium. J. Appl. Microbiol. 105, 398-406.

Zhong, Y., Luan, T., Lin, L., Liu, H., Tam, N.F.Y., 2011. Production of metabolites in the
biodegradation of phenanthrene, fluoranthene and pyrene by the mixed culture of
Mycobacterium sp. and Sphingomonas sp. Bioresour. Technol. 102, 2965-2972.


http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref51
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref52
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref52
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref52
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref53
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref53
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref53
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref54
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref54
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref54
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref55
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref55
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref55
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref55
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref56
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref56
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref56
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref57
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref57
http://refhub.elsevier.com/S0147-6513(19)30230-1/sbref57

	Identification of proteins induced by polycyclic aromatic hydrocarbon and proposal of the phenanthrene catabolic pathway in Amycolatopsis tucumanensis DSM 45259
	Introduction
	Materials and methods
	Bacterial strain, chemicals and culture conditions
	Protein extraction
	One-dimensional gel electrophoresis
	Two-dimensional gel electrophoresis
	Proteome analysis
	Analytical methods

	Results and discussion
	Comparison of the overall proteome profile in presence of naphthalene, phenanthrene and pyrene
	Proteins from Amycolatopsis tucumanensis DSM 45259 differentially synthesized in presence of phenanthrene
	Identification of intermediate metabolites in degradation of phenanthrene

	Conclusions
	Acknowledgments
	Funding sources
	Conflict of interest
	References




