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ABSTRACT

Pseudomonas aeruginosa is known to produce multiple types of pigment which are involved in its pathogenicity
and survival in certain environments. Herein, we reported the identification of P. aeruginosa dark-brown hyper-
pigmented (HP) strains which have been isolated from clinical samples. In order to study the role of these dark-
brown containing secretions, alterations of metabolic processes and cellular responses under microenvironment
of this bacterial pathogen, two-dimensional gel electrophoresis (2-DE) in conjunction with peptide mass finger-
printing (PMF) were performed. Protein spots showing the most significant differences and high spot optical
density values were selected for further characterization. Fold difference of protein expression levels among
those spots were calculated. Three major groups of proteins including anti-oxidant enzyme such as catalase, al-
kyl hydroperoxide reductase and also iron-superoxide dismutase (Fe-SOD), transmembrane proteins as well as
proteins involved in energy metabolism such as ATP synthase and pyruvate/2-oxoglutarate dehydrogenase were
significantly decreased in P. aeruginosa HP. Whereas, malate syntase and isocitrate lyase, the key enzyme in
glyoxylate cycle as well as alcohol dehydrogenase were significantly increased in P. aeruginosa HP, as com-
pared to the reference strain ATCC 27853. Moreover, the HP exerted SOD-like activity with its ICso equal to
0.26 mg/ml as measured by NBT assay. Corresponding to secretomic metabolome identification, elevated
amounts of anti-oxidant compounds are detected in P. aeruginosa HP than those observed in ATCC 27853. Our
findings indicated successful use of proteomics and metabolomics for understanding cell responses and defense
mechanisms of P. aeruginosa dark-brown hyperpigmented strains upon surviving in its microenvironment.
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INTRODUCTION

Pseudomonas aeruginosa, the most
common non-fermentative gram-negative
rod has been reported as an important cause
of bacterial pathogenic infection for immun-
ocompromised individuals and patients in
hospital settings as a result of neutropenia,
burns or cystic fibrosis (Morrison and Wen-
zel, 1984; Poindexter and Washington,
1974). In addition, P. aeruginosa is known
to produce multiple types of pigment which
are involved in its pathogenicity and survival
in certain environments. Many P. aeruginosa
strains elaborate the blue-green phenazine
(Rada and Leto, 2013) derived pigment as a
major secretion. Pyocyanin and its deriva-
tives exhibit antibiotic activity towards com-
petitors by initiating the production of super-
oxide radical and other ROS. Furthermore,
this pigment has been reported for decades,
as one of the virulence factors of this organ-
ism. Other pigments secreted by P. aeru-
ginosa include pyoverdine (yellow-green and
fluorescent); an iron-binding compound for
iron acquisition (Meyer, 2000), pyorubin
(red-brown), and pyomelanin (black brown)
(Hunter and Newman, 2010; Kodaka et al.,
2003). Unlike pyocyanin, which exerts cyto-
toxic effects toward other cells, pyorubin and
pyomelanin from P. aeruginosa was discov-
ered to have antioxidant activities pertaining
to its survival in the environment (Orlandi et
al., 2015; Rodriguez-Rojas et al., 2009). We
have recently isolated from clinical samples,
a hyperpigment (HP) producing P. aerugino-
sa strain with dark-brown melanin like pig-
ment which is diffused through agar media.
The growth supernatant of HP exerted pro-
tective effects to E. coli growth under para-
quat induced oxidative stress conditions. To
understand the role of this melanin like pig-
ment production, cell responses, and meta-
bolic changes that exhibited protective ef-
fects against free radical in oxidative stress
conditions, were used in a proteomic ap-
proach in conjunction with peptide mass fin-
gerprinting in this study. Moreover, charac-
terizations of active molecules in the secre-

tome of HP were performed using mass
spectrometry analysis. The interrelation be-
tween differentially expressed proteins as
well as the feasibility to understand cell ex-
pressions and responsibility for survival in
certain environments have been discussed.
Further understanding of the biological
properties of microbial pigments and their
derivatives will not only enrich our instinc-
tual curiosity about colors, but also provide a
scientific basis for therapeutic disarming of
the pathogens or for borrowing these multi-
functional molecules in pharmacologic ap-
plications.

MATERIAL AND METHODS

Bacterial strains

P. aeruginosa ATCC 28753, PAOI and
dark-brown melanin-like pigment producing
strain (isolated from clinical sources in Na-
khon Pathom Hospital, Thailand) evaluated
in this study were recovered in the Clinical
Microbiology Laboratories of Faculty of
Medical Technology, Mahidol University,
Thailand.

Growth media

Luria-Bertani (LB) broth, agar plates,
and several defined media including glucose,
cetrimide, urea, King P and King F medium
were used for preliminary studies of growth
and pigment production of P. aeruginosa
ATCC 28753 and HP strains.

Pigment characterization

Bacterial cultures of P. aeruginosa HP
were grown in LB broth (10 g/L tryptone, 5
g/ L NaCl and 5 g/L yeast extract, pH 7.2)
for 48 h at 37 °C. Dark-brown characteristics
of the culture media were observed. Simul-
taneously, cells were separated from media
by centrifugation at 8,000 rpm for 15 min
and the supernatants were filtered through a
0.2 um membrane filter. The absorption
spectrum of the filtered dark-brown superna-
tant was measured using an ultraviolet-
visible (UV-Vis) spectrophotometer at 25 °C.
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Growth characteristics on oxidative stress
conditions

Cells were grown in 5 ml LB broth at
37 °C, in a shaking incubator at 130 rpm,
overnight. 1:100 of overnight cultures were
transferred into 50 ml broth and grown until
OD reached 0.5 after which, 0.8 mM of par-
aquat was added in order to investigate the
responsibility of cells in oxidative stress
conditions. Growth characteristics of cells
were observed and determined by monitor-
ing the absorbance at 600 nm.

SOD like activity testing

Cultured media of P. aeruginosa ATCC
27853 and HP strains were collected. The
supernatant containing pigments were sepa-
rated by centrifugation. Subsequently, pro-
teins were removed by TCA precipitation.
Then, chloroform was applied for rapidly ex-
traction of water soluble and un-soluble
pigments. The dark-brown substances were
solubilized in water and evaporated and the
SOD-like activity was determined by NBT
assay (Anandjiwala et al., 2008). The reac-
tion mixture consisted of 50 mM phosphate
buffer (pH 7.6), 20 ug riboflavin, 12 mM
EDTA, and NBT 0.1 mg/3 ml. Reaction mix-
ture was activated by illuminating with dif-
ferent concentrations of the extracted bacte-
rial growth supernatants for 150 s. Immedi-
ately after illumination, the absorbance of
reaction mixture was evaluated at 590 nm
and ICso was then calculated. Methanol was
used for blank reading while ascorbic acid
was used as positive control.

Protein preparation for proteomics analysis

500 pl of overnight cultures of P. aeru-
ginosa HP and ATCC 27853 in LB broth
were sub-cultured in 50 ml LB broth and
grown for 18 h at 37 °C. Cells were collected
by centrifugation at 8,000 rpm for 15 min at
4 °C and washed 3 times using 40 mM Tris,
pH 8.0. Compared to cell pellets, 2 volumes
of lysis buffer (8§ M urea, 4 % CHAPS)
freshly supplemented with 10 pl/ml protease
inhibitor cocktail were added for inhibiting
of endogenous protease. Cells were com-

pletely lysed by ultra-sonication on ice.
Whole cell lysates were collected by centrif-
ugation at 14,000 rpm for 30 min. The en-
dogenous protein concentrations were quan-
tified by Bradford protein assay using bovine
serum albumin as a standard. The protein so-
lution was stored at -20 °C for further analy-
sis.

Two-dimensional electrophoresis (2-DE)

13 cm IPG strips were rehydrated with
250 pl of rehydration buffer for 16 h at room
temperature (8 M urea, 4% CHAPS,
0.002 % bromphenol blue). Using cup load-
ing technique, 300 ug of protein samples in
100 pl rehydration buffer containing 0.028
mg DTT, 1 % 3-10 IPG buffer, and 12 pl
destreak were loaded into strips. Isoelectric
focusing (IEF) was performed at 20 °C in
Multiphor II as follows: 300 V, 1 mA, 5 W
for 2 min; 3500 V, 1 mA, 5 W for 1.30 h;
3500 V, 1 mA, 5 W for 4.00 h. After IEF, the
strips were stored at -80 °C until processing.
Before starting the second-dimension, strips
were equilibrated in SDS equilibration buffer
(50 mM Tris-HCI, pH 8.8, 6 M urea, 30 %
glycerol, 2 % SDS, brompenol blue) contain-
ing 1 % DTT for 10 min with shaking at 50
at room temperature and re-equilibrated in a
similar buffer containing 2.5 % iodoacetam-
ide instead of DTT for 10 min. Strips were
continually placed on 12.5 % precast gels
and then gel electrophoresis were carried
out. Briefly, all gels were electrophoresed at
10 mA per strip for 30 min and then 20 mA
per strip for 4.00 h. Gels were stained over-
night by using colloidal Coomassie staining.

Mass spectrometry and bacterial
endogenous proteome identification

Mass spectrometry and peptide mass fin-
gerprinting (PMF) analysis were performed
as described (Isarankura-Na-Ayudhya et al.,
2010). Initially, protein spots were manually
cut off the gels, transferred to microtiter
plates, and then destained overnight in des-
taining solution (50 % methanol and 5 %
acetic acid). In gel trypsin digestion was car-
ried out using sequencing grade of modified
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trypsin (Promega, UK) and then extracted
proteins from each spots were subjected to
MALDI-TOF mass spectrometry for protein
identification. MALDI-TOF mass spectrom-
eter (Model ReflexIV, Bruker Daltonics,
Germany) has been used based on peptide
mass fingerprint mapping. Briefly, the ex-
tracted peptides were mixed with a solution
of 10 mg/ml a-cyano-4-hydroxycinnamic ac-
id (LaserBio Labs, France) in 66 % acetoni-
trile and 0.1 % trifluoroacetic acid (TFA)
and spotted onto a 96-well target plate. The
mass spectra were acquired in the positive
ion reflector delayed extraction mode using
approximately 200 laser shots. Peak lists
were generated and transferred for further
analysis using the XMASS software (Bruker
Daltonics). Proteins identification were initi-
ated by integrating of BioTool 2.0 software
(Bruker Daltonics) and MASCOT 2.2 search
engine (http://www.matrixscience.com/) to
compare and calculate peptide identity score
between the trypsin digested peptide frag-
ment data with reference database, NCBInr.
Search result scores greater than 59 was con-
sidered to be of significant difference (p-
value < 0.05).

Database search for protein identification
To identify proteins, all mass spectra
recorded on tryptic peptide derived from
each spot were searched against SwissProt
databases using MASCOT search program
(Www.matrixscience.com).

Mass spectrometry and bacterial secretomic
metabolome identification

The metabolites from filtered protein-
free growth supernatants of P. aeruginosa
were subjected to ESI-QTOF mass spec-
trometry for identification of active ingredi-
ents which exerts certain activity. The sepa-
ration was carried out by DIONEX Ultimate
3000 HPLC (Dionex Softron, GmbH, Ger-
many) and Acclaim PolarAdvantagell C18
(2.1 x 100 mm, 3 pm) column with Acclaim
PolarAdvantagell C18 (3 x 10 mm, 5 pm)
guard column. The injection volume was 5
pl. The column and autosampler temperature

were maintained at 40 °C and 10°C, respec-
tively. The detection was made by Bruker
compact QTOF mass spectrometer (Bruker,
Billerica MA, USA). MS signals in the m/z
range of 50-1000 were separately acquired
under positive-ion and negative-ion mode.
The nebulizing gas pressure, the drying gas
flow and the drying gas temperature was set
at 2 bars, 8L/min, and 220 °C, respectively.
The separation was performed at a flow rate
of 0.4 mL/ min under a gradient program in
which mobile phase A was composed of
0.1 % formic acid in water and mobile phase
B was composed of 0.1 % formic acid in
acetonitrile. The gradient program was ap-
plied as follows: t=0 min, 1 % B; to 99 %
B; t=20 min.

Database search for metabolomics
identification

In order to identify the active metabolites
in P. aeruginosa secretions, all mass spectral
data were determined using Profiles Analysis
Software. The identification of metabolites
was carried out using the ChemSpider data-
base (http://www.chemspider.com/).

RESULTS

The production of dark-brown extracellular
excretion of clinically isolated strain of
P. aeruginosa

The clinical strain of P. aeruginosa was
isolated from patients. When grown aerobi-
cally in LB medium, this clinically isolated
P. aeruginosa (HP) highly produced extra-
cellular, dark-brown, water-soluble sub-
stances into culture medium, leading to the
change of media colour from pale yellow to
dark-brown or black in both agar and liquid
medium (Figure 1). In contrast, P. aerugino-
sa reference strain ATCC 27853 produced a
green water-soluble pigment commonly
known as pyocyanin. This phenomenon was
time-dependent and occurred during mid to
late exponential phase of growth in LB me-
dium without supplementation. The pale-
brown pigment was observed early from P.
aeruginosa HP culture after 11 h of incuba-
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tion. Optical intensity levels of this sub-
stance were increased over time. In addition,
production of dark-brown pigment from P.
aeruginosa HP was present in a bacterial
culture on cetrimide and urea containing me-
dium whereas it was not observed on glu-
cose. This result implies that a biological
synthesis of this pigment correlates with sub-
strate utilization as it uses ammonia or nitro-
gen as the sole carbon energy source. More-
over, this dark-brown pigment was markedly
produced from P. aeruginosa HP on growth
of King P and King F media. This is in con-
trast to ATCC27853, which produced only
yellow-green pigment on King F medium
(Figure 1).

The different excretions obtained from
two varying strains of P. aeruginosa suggest
a diverse mechanism inside cells as different
substrate utilization were detected. General-
ly, cetrimide has been used to enhance pig-
ment production. Elevated amount of dark-
brown pigment released on cetrimide con-
taining medium, together with growth char-
acteristic on glucose and urea which are
shown in Figure 1, indicates a hyperpigment
production of P. aeruginosa HP and its role
in capability to survive in various conditions
including nutrient limited conditions.

Increasing levels of cell survival capability
in oxidative stress condition of dark-brown
substance producing P. aeruginosa strain
To evaluate the capability of clinically
isolated P. aeruginosa (HP) dark-brown
pigment producer on oxidative stress, effect
of superoxide radical induced by paraquat on
growth characteristics of P. aeruginosa HP
was investigated as compared to ATCC
27853 (the reference strain). After 3 h of in-
cubation, 0.8 mM paraquat was added. A
slight decrease in P. aeruginosa growth was
observed for ATCC 27853 between 6-24 h.
In contrast, growth of P. aeruginosa HP was
seen to decrease when exposed to 0.8 mM
paraquat until 12 h of incubation. A linear
increase in growth of P. aeruginosa HP was
observed after 12 h and correlated with in-
creasing levels of the dark-brown pigment in
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Figure 1: The comparison of pigment production
in LB medium without any supplement from 24 h
aerobic cultures of P. aeruginosa ATCC 27853
and P. aeruginosa high pigment clinically isolat-
ed strain HP. Brown zone was only observed
around the colony of P. aeruginosa HP. Bio-
chemical tests indicated varieties of pigment
production based on the substrates utilized.
Dark-brown pigment was observed on King P,
King F, cetrimide and urea cultured medium but
was not observed on glucose containing medi-
um.

ATCC27853

-

Glucose O/F Medium Cetrimide

medium, suggesting that production of dark-
brown pigment helped the bacteria to in-
crease its survival in oxidative stress condi-
tions (data not shown).

Moreover, the induction of dark-brown
pigment was rapidly detected when a cul-
tured bacteria was exposed to paraquat as
compared to unexposed bacteria, indicating
that the production of dark-brown substance
from P. aeruginosa is related to oxidative
stress and might be involved in stress in-
duced response mechanisms for protecting
its growth in stressful conditions.

Escherichia coli growth protection of a
dark-brown containing supernatant from
P. aeruginosa

To investigate the functional role of this
substance, 24 h growth culture supernatant
of three different strains of P. aeruginosa in-
cluding P. aeruginosa ATCC 27853, PAOI,
and HP were separated by centrifugation and
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filtered through 0.2 um membrane filters.
The filtered extracellular secretion contain-
ing supernatant was added into E. coli cul-
ture in the presence of 0.8 mM paraquat
(PQ). Absorption at ODeoo was used to de-
termine the cell density of E. coli whereby a
50 % reduction of E. coli cell density was
observed when cells were grown in paraquat
induced-stress conditions. Filtered dark-
brown supernatant was found to highly pro-
tect the growth of E. coli from superoxide
radical (75 % protection). In contrast, a
PAOI1 filtered supernatant was found to en-
hance growth reduction of superoxide radical
generated by paraquat as shown in Figure 2.
This finding suggested that the dark-brown
substance containing supernatant produced
by P. aeruginosa HP contains superoxide
radical scavenging activity.

Characterization of growth supernatant
containing dark-brown substance produced
from P. aeruginosa HP

The absorption measurement of dark-
brown substance with radical scavenging ac-
tivity was carried out using an ultraviolet-
visible (UV-Vis) spectrophotometer. For the
wavelength range from 300 to 700 nm, the
peak absorption of this pigment occurs
around 357 nm with a minor peak at 400 nm.

1.44
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o
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Figure 2: Protective effect of isolated dark-brown
pigment for E. coli growth in paraquat (PQ)
stress condition

The absorption is almost completely at-
tenuated for wavelengths longer than 700
nm, the compound effectively absorbs solar
UV wavelengths between 300 to 400 nm,
whereas, the highest peak of P. aeruginosa
ATCC 27853 supernatant was 380 nm with
two shoulders at 320 and 400 nm. Absorb-
ance characteristic of P. aeruginosa pigment
is shown in Figure 3.

Identification of the endogenous protein
expression profiling of P. aeruginosa HP
compared with ATCC 27853

Protein expression profiles of P. aeru-
ginosa clinically isolated strain HP and ref-
erence ATCC 27853 were analyzed using
high resolution two-dimensional gel electro-
phoresis (2-DE). Given the same amount of
total protein sample tested, the optical densi-
ty of most protein spots decreased in P. ae-
ruginosa HP protein profile, as compared to
ATCC 27853. Most protein spots fell in the
pH 4-8 range, with only a small number of
extremely acidic or basic proteins as shown
in Figure 4 and the zoom into specific loca-
tion is presented in Figure 5. Protein spots
were further identified by MALDI-TOF
mass spectrometry and bioinformatics data-
base search engine MASCOT 2.2. The re-
sults are summarized in Table 1. Twelve pro-
tein spots showing the most significant dif-
ferences and high spot optical density values
were selected. The fold differences of pro-
tein expression levels among those spots
were calculated and summarized in Table 2.
In normal conditions, three major groups of
proteins with ten protein spots including an-
ti-oxidant enzymes such as catalase, alkyl
hydroperoxide reductase, peroxidase and al-
so iron-superoxide dismutase (Fe-SOD),
transmembrane proteins as well as some pro-
teins of energy metabolism including ATP
synthase and pyruvate/2-oxoglutarate dehy-
drogenase were significantly under ex-
pressed, whereas two protein spots including
malate synthase and isocitrate lyase were
significantly highly expressed in P. aeru-
ginosa HP, as compared to ATCC 27853.
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Figure 3: Absorption spectrum of dark-brown containing supernatant of Pseudomonas aeruginosa
strain HP (straight line) and non dark-brown containing supernatant of ATCC 27853 (dot line). This
measurement displayed a slightly increase in absorption from 700 nm to 430 nm and exponentially in-
creases from 400 nm to 350 nm. The major absorption peak at 357 nm and minor peak (shoulder) at
400 nm were observed in P. aeruginosa HP supernatant, whereas the highest peak of P. aeruginosa
ATCC 27853 supernatant was 380 nm with two shoulders at 320 and 400 nm (A). Different adsorption
spectra was clearly detected when pigments were extracted and compared to pyocyanin (B).
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Figure 4: 2D-PAGE image or the master maps representing protein profiles of P. aeruginosa ATCC
27853 (panels A and C), high pigment produced strain P. aeruginosa HP (panels B and D) in the ab-
sence of paraquat (panels A and B) and present of 0.8 mM paraquat (panels C and D) which was
separated under pH ranges of 3-10. Numbers of protein spot denoted as identified protein are repre-

sented in Table 1.
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Figure 5: 2D-Electrophoresis PAGE zoom into specific locations of ATCC27853 (A) and high pigment
clinical isolated strain (B) in absence of paraquat revealing the difference in protein expression level of

the reference strain as compared to high pigment.

Metabolomics characterization of P. aeru-
ginosa secretion reveals high abundance of
antioxidant compounds in dark-brown
hyperpigmented strains

Results from our findings reveal several
bioactive molecules which exert different ac-
tivities including anti-microbial activity, an-
ti-oxidant, and anti-depressor as shown in
Tables 3 and 4. Analyses of bioactive com-
pounds are separated into positive and nega-
tive modes (Tables 3 and 4, respectively).
Different types of compounds are observed
between the different strains of P. aerugino-

sa. Compounds that exerted anti-microbial
activities and derivatives were mostly de-
tected in ATCC 27853 when compared to
HP such as 3-Methyl-4-[(Z)-(4-methyl-5-
oxido-1,2,5-oxadiazol-3-yl)-NNO-azoxy]-1,
2,5-oxadiazole 2-oxide with anti-schisto-
somal activity (Song et al., 2016) is seen to
be 5.66 folds greater in ATCC 27853 than
HP. Surprisingly, more than 70 fold of dif-
ferential secretion of 2-[4-(1,3-Benzodioxol-
5-ylmethyl)-1-piperazinyl]-7-(4-methylphen-
yl)-7,8-dihydro-5(6H)-quinazolinone =~ was
observed. In contrast, lower amounts of anti-
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microbial activity exhibiting compounds Not only Edaravone, but also 2-(1, 3-Di-
were detected in HP. Instead, an elevated oxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-
number of anti-oxidant molecules are ob- (2-methyl-1-propionyl-1,2,3,4-tetrahydro-4-
served. A 14 folds difference of Edaravone  quinolinyl)-N-phenylacetamide which is de-
was observed to be expressed in the HP tected in high level in HP; up to 34 folds of
strain as compared to ATCC 27853. differentiation was measured (Table 3).

Table 1: Proteins of Pseudomonas aeruginosa identified by mass spectrometry and peptide mass fin-
ger printing (PMF) analysis. Protein scores greater than 59 are considered to be significant (p-value <
0.05).

Description (AN) Calculated Nominal Protein Sequence
pl mass (Mr) score Coverage
(%)

1 DnaK protein 4.79 68475 88 21

2 GroEL protein 5.04 57107 92 45

3 ATP synthase beta chain 4.98 49526 154 61

4 Elongation factor Tu 5.23 43684 92 48

5,27 Fructose-1, 6-bisphosphate 5.34 38777 130,177 39, 59
aldolase

6 Elongation factor Ts 5.22 30691 99 39

7,23 Probable acyl-CoA thiolase 5.74 41716 118, 83 57, 29

8, 24,29 | Succinyl-CoA synthetase alpha | 5.79 30646 72,83,71 | 60, 60, 59

9 Electron transfer flavoprotein 4.98 31404 72 54
alpha-subunit

10 Ketol-acid reductoisomerase 5.57 36743 99 32

11, 14 Probable peroxidase 5.37 21922 85, 96 74,70

12, 16, 25 | Superoxide dismutase [Fe] 5.27 21320 87, 100, 56, 63, 60

93

13 Enolase phosphatase 5.32 20187 75 41

15 Single-stranded DNA-binding 5.47 18415 105 59
protein

17 508 ribosomal protein L9 5.47 15522 78 47

18 Outer membrane protein F 4.98 37844 87 56
precursor

19, 26 Alcohol dehydrogenase 5.57 36288 109, 126 49, 75

21 Lipoamide dehydrogenase-Val | 6.16 48901 107 50

22 Dihydrolipoamide dehydrogen- @ 6.48 50962 71 26
ase

28 Ketol-acid reductoisomerase 5.57 36743 99 32
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Table 2: Changes of differentially expressed proteins of P. aeruginosa clinical isolated strain and ref-
erence strain following exposure to paraquat. Protein scores greater than 59 are considered to be sig-
nificant (p-value < 0.05).

Protein Up (+)/ Fold Calculated Protein  Sequence
Down (-) Difference pl /MW score Coverage
regulation ATCC/HP (%)

of protein
expres-
sion
Catalase 6.21/55.61
Alkyl hydroperoxide

) 1.373 5.89/20.64 92 51
reductase subunit C -
Probable peroxidase _ 0.800 5.37/21.29 96 70
Superoxide dismutase [Fe] _ 2.943 5.27/21.32 82 54
CIIET MEMEENE DIEEm 3 2628 4.98/37.84 100 63
(OmpF)
;[)ar?:membra”e protein _ 2.97 4.91/47.98 91 42
Elongation factor-Tu _ 1.968 5.23/43.68 92 48
ATP synthase beta chain _ 2.337 4.98/49.52 154 61
Malate synthase G i 4.142 5.47/78.78 109 22
Isocitrate lyase + 4.098 5.68/59.29 87 23
Probable acyl-CoA thiolase _ 2204 5793064 83 60
Pyruvate/2-oxoglutarate 1595 5.10/45.72 94 34

dehydrogenase complex -

Table 3: Identification of positive mode metabolites secreted from Pseudomonas aeruginosa identified
by ESI/QTOF mass spectrometry. Expression levels are revealed as a comparison of fold change be-
tween ATCC and HP strains

ChemSpider Formula Retention Time Fold Change p-value
ID? Min: m/z ATCC/HP

1619707 C29H24N40s 4.05: 525.171 -41.958 1.93e-08 0.5
4363503 Ca6H33N209 16.5: 637.222 -5.76 2.90e-06 2.6
9570256 C19H2509 8.93: 397.142 -12.69 3.92e-05 -1.5
5807 CgH13N20e 0.92: 244.056 -3.48 7.14e-05 0.1
2989530 C24H26N30s 3.18: 484.159 -5.38 1.23e-04 -0.1
252928 C20H21N20s 4.66: 385.164 7.48 1.99e-05 -1.4
8028075 CaoHasN7O9 3.87:640.213 8.94 3.25e-05 0.1
2948941 CsH7NsOs 10.20: 243.039 5.66 4.24e-05 0.1
703849 C12HsN3Os 4.51: 274.078 4.82 6.24e-05 -0.4
190641 CsH150s 2.03: 239.071 13.47 1.89e-04 0.2
29345641 C,oH,4NgO, 8.34: 558.228 -9.06 2.61e-04 -2.0
2994074 Cs3H30N304 3.48: 532.182 -34.1 2.63e-04 -0.6
3881 C10H11N20 6.32: 175.085 -14.54 1.00e-03 0.1

@ Full IUPAC names of metabolites are provided herein after the ChemSpider ID (bold) as follows:

1619707: N,N'-(Methylenedi-4,1-phenylene)bis[2-(4-nitrophenyl)acetamide]; 4363503: 5,5'-Oxybis{2-[2-(3,4-dimethoxyphenyl)-
ethyl]-1H-isoindole-1,3(2H)-dione}; 9570256: Methyl 2,3-di-O-acetyl-4,6-O-(4-methoxybenzylidene)-a-D-glucopyranoside; 5807:
1-[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]pyrimidine-2,4-dione (Uridine); 2989530: Ethyl 6'-amino-5'-cyano-
1,2'-bis(2-ethoxy-2-oxoethyl)-2-oxo-1,2-dihydrospiro[indole-3,4'-pyran]-3'-carboxylate; 252928:1-(4,5-Dimethoxy-2-nitrobenzyl)-
6,7-dimethoxyisoquinoline; 8028075: N-{[4-(Carboxymethyl)-6-methyl-3,5-dioxo-4,5-dihydro-1,2,4-triazin-2(3H)-yl]acetyl}-L-valyl-
N-[(2S)-1-(1,3-benzoxazol-2-yl)-3-methyl-1-oxo-2-butanyl]-L-prolinamide; 2948941: 3-Methyl-4-[(Z)-(4-methyl-5-oxido-1,2,5-0xa-
diazol-3-yl)-NNO-azoxy]-1,2,5-oxadiazole 2-oxide; 703849: 2-(5-Methyl-1,2-oxazol-3-yl)-5-nitro-1H-isoindole-1,3(2H)-dione;
190641: 3,4-dihydroxy-5-(1,2,3,4-tetrahydroxybutyl)oxolan-2-one; 29345641: 3'-Methyl-1-[(1-methyl-2-oxo-1,2-dihydro-3-quino-
linyl)methyl]-1'-(1H-purin-6-yl)-1',7'-dihydrospiro[indole-3,4'-pyrazolo[3,4-b]pyridine]-2,6'(1H,5'H)-dione; 2994074: 2-(1,3-Dioxo-
1H-benzo[de]isoquinolin-2(3H)-yl)-N-(2-methyl-1-propionyl-1,2,3,4-tetrahydro-4-quinolinyl)-N-phenylacetamide; 3881: 5-Methyl-
2-phenyl-2,4-dihydro-3H-pyrazol-3-one (Edaravone)
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Table 4: Identification of negative mode metabolites secreted from Pseudomonas aeruginosa identi-
fied by ESI/QTOF mass spectrometry. Expression levels are revealed as a comparison of fold change
between ATCC and HP strains

ChemSpider Formula Retention Time  Fold Change p-value
ID2 (Min: m/z) ATCC/HP

5381984 Ci19H16NOs 5.45: 354.106 -20.35 3.41e-12 1.5
4682271 C16H16N704 6.95: 370.129 -11.16 2.87e-11 -1.4
2347088 C29H38N30s 7.29: 556.233 -13.15 1.47e-06 1.8
4649993 C27H24N503 6.69: 466.188 -14.09 1.13e-06 -0.7

13774 Ci19H22NO4 6.39: 328.135 -4.54 1.57e-05 -1.0
26024792 C18H23NsO2 6.01: 383.196 11.08 3.37e-10 -1.0
2944527 C27H27N4O3 6.54: 455.208 76.84 5.50e-04 -1.0
8006914 Ca26H2sN503 4.59 : 458.201 -68.13 1.00e-03 0.6
3204756 C27H27012 2.90 : 543.151 -36.07 3.00e-03 0.7

2@ Full IUPAC names of metabolites are provided herein after the ChemSpider ID (bold) as follows:

5381984: N-[(9H-Fluoren-9-ylmethoxy)carbonyl]-L-aspartic acid; 4682271: 3-Methyl-8-[(2E)-2-(4-nitrobenzylidene)hydrazino]-7-
propyl-3,7-dihydro-1H-purine-2,6-dione; 2347088: Benzyl 5-amino-4-{[5-(benzyloxy)-2-({[(2-methyl-2-propanyl)oxy]carbonyl}-
amino)-5-oxopentanoyl]lamino}-5-oxopentanoate; 4649993: 7-[2-(Benzyloxy)phenyl]-N-(2-methoxyphenyl)-5-methyl-1,7-dihydro-

[1,2,4]triazolo[1,5-a]pyrimidine-6-carboxamide;
26024792:
2944527:
Glycyl-L-tyrosyl-L-prolylglycyl-L-lysyl-L-phenylalanine;
phenyl)-7,8-dihydro-5(6H)-quinazolinon

Effect of free radical generated from
paraquat on protein profiles of
P. aeruginosa HP

Paraquat has been used universally for
initiating the intracellular production of su-
peroxide anion (O2°), which consequently
leads to the inhibition of bacterial cell
growth and induction of death. Our experi-
mental study has been started by determining
the differential expression of endogenous
protein profiles of P. aeruginosa in the pres-
ence of paraquat. Results revealed that pro-
teins from the reference strain of P. aeru-
ginosa ATCC 27853 that were predominant-
ly affected by oxidative stress generated by
paraquat are the antioxidant enzymes and the
proteins involved in energy production
(Isarankura-Na-Ayudhya et al., 2010). The
slight increases of spot No. 12, 16 and the
presence of spot No. 25 of iron-superoxide
dismutase enzyme has been detected and
shown in Figures 4A and 4C. This indicates
the first line of defense mechanism upon ox-
idative stress in normal situations. In con-
trast, the iron superoxide dismutase as well
as peroxidase from protein profile of P. ae-
ruginosa HP strain does not show any affect

13774: Diethyl 2,6-dimethyl-4-phenyl-1,4-dihydro-3,5-pyridinedicarboxylate;

5-[2-(4-Ethyl-1-piperazinyl)-4-methyl-5-pyrimidinyl]-2-(methoxymethyl)[1,2,4]triazolo[1,5-a]pyrimidin-7(1H)-one;
2-[4-(1,3-Benzodioxol-5-ylmethyl)-1-piperazinyl]-7-(4-methylphenyl)-7,8-dihydro-5(6H)-quinazolinone;
3204756: 2-[4-(1,3-Benzodioxol-5-ylmethyl)-1-piperazinyl]-7-(4-methyl-

8006914

especially under oxidative stress induced
conditions (Figures 4B and 4D) indicating
the other first line defense mechanism as the
probable role of the production of dark-
brown pigment and its radical scavenging
property found in P. aeruginosa HP.

SOD like activity testing on dark-brown
extracted pigment

Assessment of superoxide radical scav-
enging activity has been performed based on
the ability of dark-brown substance to inhibit
blue formazan formation by scavenging the
superoxide radicals generated in riboflavin-
light-NBT system. Results are shown in Fig-
ure 6. The dark-brown pigment extracted
from P. aeruginosa shows the SOD like anti-
oxidant activity effect which exerts its ICso
at 0.26 mg/ml as compared to the pigment
extracted from ATCC 27853 reference
strains which exert its ICso at 0.67 mg/ml.
This result correlates to the presence of sev-
eral anti-oxidant molecules in secretion of P.
aeruginosa HP strains and also the protective
effect on the growth of E. coli under oxida-
tive stress conditions.
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Figure 6: Free radical scavenging activity of extracted dark-brown pigment was determined using
NBT assay. The dark-brown pigment extracted from P. aeruginosa shows the anti-oxidant activity ef-
fect which exerts its ICso at 0.26 mg/ml (B) compared to pigment extracted from ATCC 27853 refer-

ence strain which exerts its ICso at 0.67 mg/ml (A).

DISCUSSION

Since a protective response to adverse
environmental conditions, especially stress
conditions were suggested as a functional
role of the dark-brown or black pigment pro-
duced from microorganisms (Brakhage and
Liebmann, 2005; Kuznetsov et al., 1984;
Gomez and Nosanchuk, 2003), the ability of
microbes that can synthesize this dark-brown
pigment or substance might be correlated
with increased survival in environmental
stresses. Melanin is one example of a dark-
brown pigment produced by wide varieties
of microorganisms (Bloomfield and Alexan-
der, 1967; Pavan et al., 2015; Ruzafa et al.,
1995; Tang, 2009). The properties of mela-
nin pigment allow it to provide excellent
protection from the deleterious effects of
UV-A and UV-B light radiation. Melanin al-
so protects microorganisms, such as bacteria
and fungi, against stressors that involve cell
damage by solar UV radiation or the genera-
tion of reactive oxygen species (Hamilton
and Gomez, 2002). Therefore, in many path-
ogenic microbes (for example, in Cryptococ-
cus neoformans, a fungus that lives in the
environment throughout the world) melanin
appears to play an important role in viru-
lence and pathogenicity by protecting the
microbe against immune responses of the

host (Alp, 2010; Hamilton and Gomez, 2002;
Salas et al., 1996; Williamson et al., 1998).

Pyomelanin is another type of melanin
secreted from fungus and bacterial pathogens
including P. aeruginosa (Hocquet et al.,
2016; Ketelboeter and Bardy, 2015). This
pigment has been reported to be derived
from tyrosine catabolism.

In this study we demonstrated the prote-
omics background of dark-brown hyperpig-
mented P. aeruginosa (HP) isolated from
clinical samples which exhibit protective ef-
fects against free radical upon growth of E.
coli under oxidative stress conditions. Corre-
sponding with characterization of bioactive
metabolites secreted from those pathogenic
bacteria, all our findings reveal the possible
role of dark-brown pigment in protective ef-
fects of cell growth and survival upon stress
induced toxicity and cell death. In addition,
our findings also demonstrated possible bio-
active compounds that might be involved in
stress response mechanisms.

Besides the study of protein profile for
the highly produced dark-brown pigment,
clinically isolated strain of P. aeruginosa HP
reveals the presence of key important en-
zymes, isocitrate lyase (ICL) and malate syn-
thase (MS) of glyoxilase pathway (the
unique enzymes specific for glyoxylate cy-
cle) (Dunn et al., 2009). The glyoxylate cy-
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cle is an anabolic metabolic pathway occur-
ring in plants, bacteria, protists, fungi and
several microorganisms, such as E. coli,
Pseudomonas spp. and yeast. In microorgan-
isms, the glyoxylate cycle allows cells to uti-
lize simple carbon compounds such as ace-
tate and compounds that promote acetyl CoA
as a carbon source when complex sources
such as glucose are not available (Figure 5).
The glyoxylate cycle bypasses the steps in
the citric acid cycle where carbon is lost in
the form of COz. The two initial steps of the
glyoxylate cycle are identical to those in the
citric acid cycle: acetate — citrate — iso-
citrate. In the next step, catalyzed by the first
glyoxylate cycle enzyme, isocitrate lyase,
isocitrate undergoes cleavage into succinate
and glyoxylate. Glyoxylate condenses with
acetyl-CoA which is catalyzed by malate
synthase enzyme, yielding malate. Both mal-
ate and oxaloacetate can be converted into
phosphoenolpyruvate, which is the substrate
of phosphoenolpyruvate carboxykinase, the
first enzyme in gluconeogenesis. The net re-
sult of the glyoxylate cycle is therefore, the
production of glucose from fatty acids.
Several reports indicate an important role
for ICL and MS in many pathogens which
are assumed to utilize fatty acid degradation
products when growing in the host (Bloch
and Segal, 1956; Srivastava et al., 2008)
such as Candida albicans (Lorenz et al.,
2004), Mycobacterium tuberculosis (Murthy
et al., 1973), and some intracellular human
bacterial pathogens such as Salmonella en-
terica serovar Typhimurium (Fang et al.,
2005; Kim et al., 2006; Tchawa Yimga et al.,
2006), and Brucella suis (Kohler et al.,
2002). Many studies also observed that ICL
and MS were reported to play a pivotal role
during chronic infections in bacterial persis-
tence (Fenhalls et al., 2002; Dunn et al.,
2009). As present in this finding, most of the
enzymes used to metabolize pyruvate, which
is produced by glycolysis in the central met-
abolic pathway of P. aeruginosa ATCC
27853 remains unchanged. The main en-
zymes in the TCA cycle including isocitrate
dehydrogenase, pyruvate/2-oxoglutarate de-

hydrogenase, and succinyl-CoA synthetase
were still observed (data not shown). In con-
trast, the significant increase in expression
levels of malate synthase (MS) and isocitrate
lyase (ICL), key enzymes involved in the
gyloxylate cycle, were detected (Figure 5,
Table 2). This indicated the adaptive meta-
bolic changes of P. aeruginosa HP in energy
metabolism for its survival inside the host
which is probably a key role of P. aerugino-
sa chronic infection, such as a cystic fibrosis.

Among twelve potential protein spots
showing a differentially expressed pattern,
the most notable change was the decreased
expression of antioxidant proteins including
catalase, Fe-SOD, peroxidase and alkyl hy-
droperoxide reductase (AHP). Catalase is a
common enzyme found in living organisms
which are exposed to oxygen, where it func-
tions to catalyze the decomposition of hy-
drogen peroxide to water and oxygen (Che-
likani et al., 2004). Catalase has one of the
highest turnover numbers of all enzymes;
one molecule of catalase can immediately
convert millions of the toxic molecules of
hydrogen peroxide to non-toxic molecules of
water and oxygen per a second (Northrop,
1925). The reaction of catalase in the de-
composition of hydrogen peroxide is: 2H202
— 2 H20 + O2. On the other hand, Ahp is an
NAD (P) H-dependent peroxidase, a member
of the peroxiredoxins (prxs) family encoded
by AhpC gene. Ahp was characterized as the
bacterial organic peroxide detoxification sys-
tem which catalyzes the reduction of organic
peroxides to the corresponding organic alco-
hols and water molecules (Poole, 1996). Ahp
contains two cysteine residues and protects
the cells against ROS. An internal redox-
active disulfide bridge between the two cys-
teine residues are reduced by electron trans-
fer from NADH via the FAD cofactor. The
enzyme activity of Prxs was rapidly de-
creased by bursts of intracellular peroxide
production (Wood et al., 2003), in agreement
with previous results of Chuang et al. (2005)
that the amount of AhpC in H. pylori greatly
decreased after long-term oxidative stress.
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Figure 7: Enzymatic reactions of the glyoxylate and TCA cycles

Moreover, mutants that lack Ahp are in-  catalase (Seaver and Imlay, 2001). There-
deed hypersensitive to growth inhibition by  fore, one reason for the decreased expression
organic hydroperoxides, which are not sub- levels of catalase and alkly hydroperoxide
strates for catalase (Storz et al., 1989). Thus, reductase in protein profiles of clinically iso-
the loss of Ahp induced loss in activity of lated strain P. aeruginosa HP as compared to
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ATCC 27853 is the long term exposure to
oxidative stress generated from human de-
fense mechanisms. Moreover, the finding of
dark-brown pigments with protective activity
against superoxide radical demonstrated one
compensatory effect of this pigment in the
radical scavenging mechanism of P. aeru-
ginosa. Increase of extracellular anti-oxidant
levels could be due to the compensatory ef-
fects of decreased intracellular anti-oxidant
levels or could also be the consequent effect
of glyoxylate bypass. The respiratory chain
is known to be the primary source of H2O2
during aerobic growth on glucose, principal-
ly because of the auto-oxidization of NADH
dehydrogenase initiated the generation of
superoxide radical (Messner and Imlay,
1999). Glyoxylate pathway is advantageous
due to the reduction of using NADH-
dehydrogenase enzyme initiated the attenua-
tion of NADH-+H+ and CO: release finally
lead to a decrease in H202 production , as
shown in Figure 7. The reduction in endoge-
nous H2O:2 generated by this mechanism
bring on decreasing in protein expression
level of alkyl hydroperoxide reductase, an
NAD(P)H-dependent peroxidase enzyme
and catalase in protein expression profile as
revealed in our study.

Several bioactive compounds are identi-
fied in our work. Compounds that exerted
antimicrobial activities along with deriva-
tives were mostly detected in ATCC 27853
as compared to HP. The anti-schistosomal
(Song et al., 2016) compound, 3-Methyl-4-
[(Z)-(4-methyl-5-oxido-1,2,5-oxadiazol-3-yl)-
NNO-azoxy]-1,2,5-oxadiazole 2-oxide is
produced up to 5.66 fold more in ATCC
27853 when compared to HP. Surprisingly,
more than 70 fold of differential secretion of
2-[4-(1,3-Benzodioxol-5-ylmethyl)-1-pipera-
zinyl]-7-(4-methylphenyl)-7,8-dihydro-5(6H)-
quinazolinone were measured. Quinazoli-
none is a heterocyclic chemical compound
possessing a wide spectrum of antimicrobial
activities including anti-bacterial, anti-
fungal, anti-viral activity etc. (Jafari et al.,
2016).

In contrast, increasing number of anti-
oxidant molecules produced from HP were
also detected such as Edaravone. Edaravone
is an intravenous medication used to help
with recovery of strokes (Miyaji et al.,
2015). Even though the mechanism of action
is unclear, it is known to contain antioxidant
molecules (Kikuchi et al., 2013; Lee and
Xiang, 2018; Petrov et al., 2017). In addi-
tion, Edaravone was discovered to reduce
paraquat activity and inhibit lipid peroxida-
tion of alveolar epithelial cells under oxida-
tive stress induced condition (Cheng et al.,
2012). Not only Edaravone but also 2-(1,3-
Dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-
N-(2-methyl-1-propionyl-1,2,3,4-tetrahydro-
4-quinolinyl)-N-phenylacetamide was de-
tected in high levels in HP with up to 34 fold
of differentiation measured (Table 3). N-
phenylacetamide is also known as acetani-
lide or acetanil (Malki et al., 2017). Acetani-
lide is used as anti-oxidant molecules and is
also used as a precursor in the synthesis of
penicillin and other pharmaceuticals com-
pounds (Prema and Sivakumar, 2015).

CONCLUSION

P. aeruginosa, a pathogenic bacteria, is
considered to be a paradigm of antibiotic re-
sistance development and a major cause of
death in nosocomial infections. Herein, we
have successfully demonstrated the use of
proteomics and metabolomics technology in
understanding the underlying mechanisms of
stress responses in this pathogenic bacte-
rium. Several bioactive compounds are iden-
tified with specific activities. Some com-
pound including Edaravone is firstly discov-
ering in secretome of microorganism as re-
ported in our study. Therefore, further purifi-
cation and characterization of the biological
properties of those bioactive molecules and
their derivatives will provide a scientific ba-
sis for therapeutic disarming of the patho-
gens or for implementing these multifunc-
tional molecules in pharmacologic applica-
tions.

559



EXCLI Journal 2018;17:544-562 — ISSN 1611-2156

Received: March 29, 2018, accepted: May 14, 2018, published: June 13, 2018

Acknowledgment

This work is supported by the Center of
Excellence on Medical Biotechnology
(CEMB), SandT Postgraduate Education and
Research Development Office (PERDO),
Office of Higher Education Commission
(OHEC), Thailand.

REFERENCES

Alp S. Melanin and its role on the virulence of Cryp-
tococcus neoformans. Mikrobiyol Bul. 2010;44:519-
26.

Anandjiwala S, Bagul MS, Parabia M, Rajani M.
Evaluation of free radical scavenging activity of an
ayurvedic formulation, panchvalkala. Indian J Pharm
Sci. 2008;70:31-5.

Bloch H, Segal W. Biochemical differentiation of
Mycobacterium tuberculosis grown in vivo and in
vitro. J Bacteriol. 1956;72:132-41.

Bloomfield BJ, Alexander M. Melanins and resistance
of fungi to lysis. J Bacteriol. 1967;93:1276-80.

Brakhage AA, Liebmann B. Aspergillus fumigatus
conidial pigment and cAMP signal transduction: sig-
nificance for virulence. Med Mycol. 2005;43(Suppl
1):S75-82.

Chelikani P, Fita I, Loewen PC. Diversity of struc-
tures and properties among catalases. Cell Mol Life
Sci. 2004;61:192-208.

Cheng ZQ, Han JY, Sun P, Weng YY, Chen J, Wu
GY, et al. Edaravone attenuates paraquat-induced
lung injury by inhibiting oxidative stress in human
type II alveolar epithelial cells. World J Emerg Med.
2012;3:55-9.

Chuang MH, Wu MS, Lin JT, Chiou SH. Proteomic
analysis of proteins expressed by Helicobacter pylori
under oxidative stress. Proteomics. 2005;5:3895-901.

Dunn MF, Ramirez-Trujillo JA, Hernandez-Lucas 1.
Major roles of isocitrate lyase and malate synthase in
bacterial and fungal pathogenesis. Microbiology.
2009;155:3166-75.

Fang FC, Libby SJ, Castor ME, Fung AM. Isocitrate
lyase (AceA) is required for Salmonella persistence
but not for acute lethal infection in mice. Infect Im-
mun. 2005;73:2547-9.

Fenhalls G, Stevens L, Moses L, Bezuidenhout J,
Betts JC, van Helden P, et al. In situ detection of My-
cobacterium tuberculosis transcripts in human lung
granulomas reveals differential gene expression in ne-
crotic lesions. Infect Immun. 2002;70:6330-8.

Gomez BL, Nosanchuk JD. Melanin and fungi. Curr
Opin Infect Dis. 2003;16:91-6.

Hamilton AJ, Gomez BL. Melanins in fungal patho-
gens. ] Med Microbiol. 2002;51:189-91.

Hocquet D, Petitiean M, Rohmer L, Valot B, Ku-
lasekara HD, Bedel E, et al. Pyomelanin-producing
Pseudomonas aeruginosa selected during chronic in-
fections have a large chromosomal deletion which

confers resistance to pyocins. Environ Microbiol.
2016;18:3482-93.

Hunter RC, Newman DK. A putative ABC trans-
porter, hatABCDE, is among molecular determinants
of pyomelanin production in Pseudomonas aerugino-
sa. J Bacteriol. 2010;192:5962-71.

Isarankura-Na-Ayudhya P, Isarankura-Na-Ayudhya
C, Yainoy S, Thippakorn C, Singhagamol W, Polpra-
chum W, et al. Proteomic alterations of Escherichia
coli by paraquat. EXCLI J. 2010;9:108-18.

Jafari E, Khajouei MR, Hassanzadeh F, Hakimelahi
GH, Khodarahmi GA. Quinazolinone and quinazoline
derivatives: recent structures with potent antimicrobi-
al and cytotoxic activities. Res Pharm Sci. 2016;11:1-
14.

Ketelboeter LM, Bardy SL. Methods to inhibit bacte-
rial pyomelanin production and determine the corre-
sponding increase in sensitivity to oxidative stress. J
Vis Exp. 2015;2015:e53105.

Kikuchi K, Tancharoen S, Takeshige N, Yoshitomi
M, Morioka M, Murai Y, et al. The efficacy of edara-
vone (radicut), a free radical scavenger, for cardiovas-
cular disease. Int J Mol Sci. 2013;14:13909-30.

Kim YR, Brinsmade SR, Yang Z, Escalante-
Semerena J, Fierer J. Mutation of phosphotransacety-
lase but not isocitrate lyase reduces the virulence of
Salmonella enterica serovar Typhimurium in mice.
Infect Immun. 2006;74:2498-502.

Kodaka H, Iwata M, Yumoto S, Kashitani F. Evalua-
tion of a new agar medium containing cetrimide, kan-
amycin and nalidixic acid for isolation and enhance-
ment of pigment production of Pseudomonas aeru-
ginosa in clinical samples. J Basic Microbiol. 2003;
43:407-13.

560



EXCLI Journal 2018;17:544-562 — ISSN 1611-2156

Received: March 29, 2018, accepted: May 14, 2018, published: June 13, 2018

Kohler S, Foulongne V, Ouahrani-Bettache S, Bourg
G, Teyssier J, Ramuz M, et al. The analysis of the in-
tramacrophagic virulome of Brucella suis deciphers
the environment encountered by the pathogen inside
the macrophage host cell. Proc Natl Acad Sci USA.
2002;99:15711-6.

Kuznetsov VD, Filippova SN, Orlova TI Rybakova
AM. Regulation of the biosynthesis of secondary me-
tabolites in Streptomyces galbus. Mikrobiologiia.
1984;53:357-63.

Lee XR, Xiang GL. Effects of edaravone, the free
radical scavenger, on outcomes in acute cerebral in-
farction patients treated with ultra-early thrombolysis
of recombinant tissue plasminogen activator. Clin
Neurol Neurosurg. 2018;167:157-61.

Lorenz MC, Bender JA, Fink GR. Transcriptional re-
sponse of Candida albicans upon internalization by
macrophages. Eukaryot Cell. 2004;3:1076-87.

Malki F, Touati A, Moulay S. Comparative study of
antioxidant activity of some amides. J Anal Pharm
Res. 2017;5:00143.

Messner KR, Imlay JA. The identification of primary
sites of superoxide and hydrogen peroxide formation
in the aerobic respiratory chain and sulfite reductase
complex of Escherichia coli. J Biol Chem. 1999;274:
10119-28.

Meyer JM. Pyoverdines: pigments, siderophores and
potential taxonomic markers of fluorescent Pseudo-
monas species. Arch Microbiol. 2000;174:135-42.

Miyaji Y, Yoshimura S, Sakai N, Yamagami H,
Egashira Y, Shirakawa M, et al. Effect of edaravone
on favorable outcome in patients with acute cerebral
large vessel occlusion: subanalysis of RESCUE-Japan
Registry. Neurol Med Chir. 2015;55:241-7.

Morrison AJ Jr, Wenzel RP. Epidemiology of infec-
tions due to Pseudomonas aeruginosa. Rev Infect Dis.
1984;6(Suppl 3):S627-42.

Murthy PS, Sirsi M, Ramakrishnan T. Effect of age
on the enzymes of tricarboxylic acid and related cy-
cles in Mycobacterium tuberculosis H37Rv. Am Rev
Respir Dis. 1973;108:689-90.

Northrop JH. The kinetics of the decomposition of
peroxide by catalase. J] Gen Physiol. 1925;7:373-87.

Orlandi VT, Bolognese F, Chiodaroli L, Tolker-
Nielsen T, Barbieri P. Pigments influence the toler-
ance of Pseudomonas aeruginosa PAO1 to photody-
namically induced oxidative stress. Microbiology.
2015;161:2298-309.

Pavan ME, Pavan EE, Lopez NI, Levin L, Pettinari
MJ. Living in an extremely polluted environment:
clues from the genome of melanin-producing Aer-
omonas salmonicida subsp. pectinolytica 34melT.
Appl Environ Microbiol. 2015;81:5235-48.

Prema D, Sivakumar K. Inclusion complexation of
acetanilide into the E-cyclodextrin nanocavity: a
computational approach. Proc Mat Sci. 2015;10:467-
75.

Petrov D, Mansfield C, Moussy A, Hermine O. ALS
clinical trials review: 20 years of failure. Are we any
closer to registering a new treatment? Front Aging
Neurosci. 2017;9:68.

Poindexter HA, Washington TD. Microbial opportun-
ism in clinical medicine. J Natl Med Assoc. 1974;66:
284-91.

Poole LB. Flavin-dependent alkyl hydroperoxide re-
ductase from Salmonella typhimurium. 2. Cystine di-
sulfides involved in catalysis of peroxide reduction.
Biochemistry. 1996;35:65-75.

Rada B, Leto TL. Pyocyanin effects on respiratory ep-
ithelium: relevance in Pseudomonas aeruginosa air-
way infections. Trends Microbiol. 2013;21:73-81.

Rodriguez-Rojas A, Mena A, Martin S, Borrell N, Ol-
iver A, Blazquez J. Inactivation of the hmgAgene of
Pseudomonas aeruginosa leads to pyomelanin hy-
perproduction, stress resistance and increased persis-
tence in chronic lung infection. Microbiology. 2009;
155:1050-7.

Ruzafa C, Sanchez-Amat A, Solano F. Characteriza-
tion of the melanogenic system in Vibrio cholerae,
ATCC 14035. Pigment Cell Res. 1995;8:147-52.

Salas SD, Bennett JE, Kwon-Chung KJ, Perfect JR,
Williamson PR. Effect of the laccase gene CNLACI,
on virulence of Cryptococcus neoformans. J Exp
Med. 1996;184:377-86.

Seaver LC, Imlay JA. Alkyl hydroperoxide reductase
is the primary scavenger of endogenous hydrogen
peroxide in Escherichia coli. J Bacteriol. 2001;183:
7173-81.

Song LJ, Luo H, Fan WH, Wang GP, Yin XR, Shen
S, et al. Oxadiazole-2-oxides may have other func-
tional targets, in addition to SjTGR, through which
they cause mortality in Schistosoma japonicum. Para-
sit Vectors. 2016;9:26.

Srivastava S, Ayyagari A, Dhole TN, Krishnani N,
Nyati KK, Dwivedi SK. Progression of chronic pul-
monary tuberculosis in mice intravenously infected
with ethambutol resistant Mycobacterium tuberculo-
sis. Indian J Med Microbiol. 2008;26:342-8.

561



EXCLI Journal 2018;17:544-562 — ISSN 1611-2156

Received: March 29, 2018, accepted: May 14, 2018, published: June 13, 2018

Storz G, Jacobson FS, Tartaglia LA, Morgan RW,
Silveira LA, Ames BN. An alkyl hydroperoxide re-
ductase induced by oxidative stress in Salmonella
typhimurium and Escherichia coli: genetic characteri-
zation and cloning of ahp. J Bacteriol. 1989;171:
2049-55.

Tang H. Regulation and function of the melanization
reaction in Drosophila. Fly (Austin). 2009;3:105-11.

Tchawa Yimga M, Leatham MP, Allen JH, Laux DC,
Conway T, Cohen PS. Role of gluconeogenesis and
the tricarboxylic acid cycle in the virulence of Salmo-
nella enterica serovar Typhimurium in BALB/c mice.
Infect Immun. 2006;74:1130-40.

Williamson PR, Wakamatsu K, Ito S. Melanin bio-
synthesis in Cryptococcus neoformans. J Bacteriol.
1998;180:1570-2.

Wood ZA, Poole LB, Karplus PA. Peroxiredoxin evo-
lution and the regulation of hydrogen peroxide signal-
ing. Science. 2003;300:650-3.

562



