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Abstract

The copper mining generates high amounts of residues. Thus, these residues and mining sites need to be treated correctly
to avoid environmental risks. The identification of intracellular proteins provides remarkable information on microbial
physiology that may contribute to the understanding of bioremediation (copper) by microorganisms. Thus, the aim of this
study was to evaluate the effect (bactericide and bacteriostatic) of copper on Pseudomonas aeruginosa growth (isolated from
mining sites) and then identify changes in the microbial proteome under different stress conditions induced by copper.
Samples were collected (after 32 h of fermentation), centrifuged, washed and digested by trypsin. The peptides were ana-
lyzed using nano LC-ESI-Q-TOF (PepMap-15 cm x 75 pm column under gradient mode from 2 to 98% (v/v) of acetonitrile
0.1% formic acid for 180 minutes). MS precursors and MS/MS products were acquired over a 50-3000 m/z range. The data
were processed via Protein Scape and classified according to the Panther system. The minimum inhibitory concentration
(copper) was between 4-4.5 mM, in which bacteriostatic effects between 4.5-6.5 mM and bactericidal above 7 mM were
observed. Nano LC-ESI-Q-TOF system; Protein Scape (Bruker-Daltonics) and Panther classification system composed
one the best tools for proteomic analysis (bioanalytical chemistry). The concentration of 3 mM of copper was chosen based
on obtained MIC data. The number of protein classes expressed by Pseudomonas aeruginosa was inversely proportional to
the concentration of copper: 13 and 7 protein classes to 0 and 3 mM of copper, respectively demonstrating the metabolic
stress. These results are aligned to MIC and MBC data. In this sense, proteins related to energy metabolism-TCA cycle and
Pyruvate-were (bio)synthesized in both experiments, which proved the cell viability (indispensable for bioremediation).
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Introduction pears as an interesting alternative to correctly treat these
types of residues and also present potential for metal re-

Mining is one of the most environmentally hazardous covery (residues) [1,2,4].

processes (anthropogenic activities), since it generates
large amounts of waste [1]. In this sense, the extraction The ability to absorb/complex metals by microorgan-
of copper, particu]arly in Brazilian mining fields, signiﬁ- isms are known as biosorption/bioaccumulation which
cantly increased in 2004 due to the start up of Sossego  can be used for bioremediation of toxic metal ions. The
(copper exploration mine) [2,3]. In 1998, 34,000 tons biosorption/bioaccumulation of metals by microorgan-
of copper were extracted; and this number increased to ) o

216,000 tons in 2008. In addition, it was estimated that in Corresponding author: Cristiano J Andrade, Dempster
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In general, the residues of copper extraction (mining)
have high content of sand (percolation), making harder
to do the treatment and disposal correctly [2]. Therefore,
chemical and physical remediation technologies, gener-
ally, show low efficiency and high cost [1,2]. Thus, the Isolated Pseudomonas Aeruginosa from Mining Site:

remediation by microorganisms such as bacteria, yeasts,  proteome Changes Due to Presence of Copper. Current
filamentous fungi, algae and plants (bioremediation) ap- Trends Anal Bioanal Chem 1(1):42-49
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Figure 1: ELISA microplate, the numbers represent the concentration of copper (mM). Identical sets (triplicate) of CuCl, and
CuSO, were carried out - The more reddish staining indicates higher microbial growth.

i e

isms involves physical-chemical processes such as ad-
sorption, ion exchange, chelation, microprecipitation,
etc [1].

Regarding the microbial biosorption of metals, the use
of genetic engineering techniques in cell wall has been
investigated. Changes in the cell wall aim to increase the
number of amino acids (mainly ionics) [1,4-6]. In this
context, the relationship between the bioaccumulation
of copper and microorganisms is, intrinsically, related
to the understanding of copper as an active compound
in the cell metabolism, for instance metallothionein and
chaperone proteins.

Proteomics is one of the most recent techniques used
for comparison among different cellular physiologies.
Microorganisms can be used to (bio)remediate con-
taminated soils or waters. These contaminated soils or
waters can be used as culture medium (bioprocesses), in
which contaminants such as copper will be absorbed by
microorganism. Therefore, the identification of intracel-
lular proteins could provide remarkable information on
microbiological physiology, which may lead to a better
understanding of copper bioremediation by microor-
ganisms. The proteomic data of Pseudomonas aeruginosa
(isolated from mining sites) using nanoLC-ESI-Q-TOF
system allowed identifying proteome changes due to the
concentration of copper (stress conditions).

Material and Methods
Cell growth (inoculum)

The bacterium isolated from mining site, was inocu-
lated on Brain Heart Infusion (BHI) agar and incubated
at 37 °C for 24 h. The microbial culture was transferred
to 4 mL of 0.85% saline solution (initial microbial solu-
tion). Then, 2 mL of homogenized culture were removed
for adjusting the optical density in spectrophotometer
values between 0.08 and 0.1 at 625 nm, equivalent to 0.5
turbidity on the McFarland scale, or 1 to 2 x 10® CFU/
mL. Then, dilutions were made in Mueller-Hinton or
BHI broth to reach the concentration of 1 x 10° CFU/
Ml [7].

Minimum inhibitory concentration and minimal
bacteriostatic concentration

The Minimum Inhibitory Concentration (MIC) was
defined as the lowest concentration that prevents (visi-
bly) the microbial growth (Figure 1). The antimicrobial
activity was carried out by microdilution, in which 0.1
mL of broth BHI was added to each well ELISA micro-
plate (Spectra Max 340, Molecular Devices Ltd.) follow-
ing by a serial dilution of 0.1 mL of the samples (bio-
mass-32 h fermentation). Then, 0.1 mL of standardized
inoculum was added to each well, resulting in a final con-
centration of 5 x 10° CFU/mL. The tests were developed
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simultaneously for the negative control (culture medium
only), positive control (culture medium + microorgan-
ism) and sterility control (culture medium + sample).
The microplates were incubated at 37 °C during 24 h.
Then, 25 uL of 0.1% triphenyl tetrazolium chloride (in-
dicator) was added and incubated again at 37 °C during
2 h. Whereas the Minimal Bacteriostatic Concentration
(MBC) was performed using 5 uL from each well (ELISA
microplate) in which, after inoculation in BHI agar for
24 h at 30 °C, the microbial growth was observed (+ bac-
teriostatic or-bactericidal) [7].

Proteomic methodology

Sample biomass in absence and presence of 3 mM
cooper ions were collected (fermentation 32 h, 30 °C),
centrifuged and washed in saline solution 0.85%. Thus,
the further analysis used only intracellular proteins
(Pseudomonas aeruginosa biomass). The biomass was
then digested by trypsin (18 h, 37 °C) producing pep-
tides which allow identifying the intracellular proteins
of Pseudomonas aeruginosa. Peptides were separated
by NanoLC chromatography and then identified by
ESI-Q-TOF, that is NanoLC-ESI-Q-TOF system (Im-
pact-II-Bruker-Daltonics) containing Pep Map column
(15 cm x 75 um; Thermo-Scientific) by using a gradi-
ent from 2 to 98% (v/v) of acetonitrile 0.1% formic acid
during 180 min. The instrument was operated in posi-
tive mode and MS spectra were acquired at spectra rate 2

Hz. MS precursors and MS/MS products were acquired
over a 50-3000 m/z range. The data were processed by
Protein Scape version 3.1.5 (Bruker-Daltonics), which
is a bioinformatics platform with MASCOT database
search engine to perform MS/MS data search against the
SwissProt databases to identify proteins, in which the
following search parameters were used: (1) Taxonomy:
All Entries; (2) Enzyme: Trypsin; (3) Maximum missed
cleavages: 1; (4) Fixed modification: Carbamidomethyl
(C); (5) Variable modification: Oxidation (O); (6) Pep-
tide tolerance: + 0.02 Da; (7) MS/MS tolerance: + 0.05
Da; (8) Significance Threshold p < 0.05); (9) Ions Score
Cut-off: 15; (10) Protein and Peptide Assessment-If Mas-
cot Score > 13.0 for both. Panther classification system
was used to analyze all identified proteins through the
specifically selecting Pseudomonas aeruginosa organism
and then following by ontologies such as protein class,
molecular function and biological process.

Table 1: Initial copper concentration (samples) used to the de-
termination of MIC and MBC for isolated Pseudomonas aeru-
ginosa (mining sites).

Concentration (mM)

Cu 1 3 5 7
TCuCl, 2.1 6.34 10.57 14.81
TCuSO, 2.51 7.53 12.55 17.58

TEquivalents to Cu*? concentration: CuCl, 134.45 g/mol; CuSO,
159.61 g/mol.

Figure 2: Pseudomonas aeruginosa growth on Petri dish (from 4.5 to 7 mM of copper).
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Results and Discussion

Minimum inhibitory concentrations: Bactericide
and bacteriostatic effects

The MIC was defined as the lowest concentration in
which there was no red color appearance (microbial growth
indicator) [4,7,8]. MIC and MBC tests were carried out by
using standard solutions of CuCl, and CuSO, (Table 1).

The Figure 1 and Figure 2 show the results obtained
for the determination of MIC, in which the more reddish
staining indicates higher microbial growth (Figure 1).
Thus, the analysis of results indicated a subtle difference
between CuCl, and CuSO,, in which the MIC for CuCl,
was between 4.5 (light red) and 5 mM (blue) of copper
ions, whereas the MIC for CuSO, was between 4 (light
red) and 4.5 mM (blue) of copper ions.

Similar approach (Figure 1) was carried out by El-
guindi, et al. [9], who investigated the MIC (copper ions)
for several Pseudomonas aeruginosa strains. The authors
reported that the MIC was 2 mM, copper ions (CuCl,
HZO). However, the MIC was calculated when 50%
growth inhibition was observed.

When compared to data found by Elguindi, et al. [9], the
MIC results showed in Figure 1 are higher, very likely due to
the adaptation of the strain isolated in copper mine or/and
because the methodology used in this study considered the
MIC when = 100% growth inhibition was observed.

As already mentioned, the blue coloration (Figure
1) indicates that Pseudomonas aeruginosa did not grow,
which means bacteriostatic or bactericidal effects had oc-
curred. Thus, the media (blue wells-Figure 1) were used
as inoculum in Petri dish, in which the growth on Petri
dish demonstrates bacteriostatic effect.

The bacteriostatic effect was observed between 4.5
and 6.5 mM of copper ions, whereas at 7 mM bactericid-
al effect was found (Figure 2).

Cell growth

In our previous experiments we have identified that
the use of culture medium described by [10] did not pro-
vide enough nutrients for the Pseudomonas aeruginosa
cultivation isolated from mining site, since the glucose
content did not reach =0 g/L after 24 hours of cultivation
(data not shown). Therefore, experiments modifying the
composition of the medium were tested. In this context,
the addition of 2 g/L of urea (CH,N,O) to the medium
became possible to cultivate P. aeruginosa. Modified
synthetic medium for Pseudomonas aeruginosa growth
is shown in Table 2.

Proteomic analysis: Changes induced by copper
addiction

Gene Ontology (GO) is a major bioinformatics tool

Table 2: Composition of modified culture medium* [10].

Nutrient Concentration (g/L)
"Glucose (Merck) 16.2
K,HPO, (Nuclear) 1
MgSO0,.7H,0 (Mallinckrodt) 0.2
CaCl, (JT Baker) 0.02
FeCl..6H,0 (Merk) 0.08
KH,PO, (Spectrum chemical) 1
(CuCl,.2H,0)t (Synth) 0-4.7
NaNO, (Synth)Tt 1.05
(NH,),SO, (Synth)' 0.84
“"CH,N,O (Sigma-Aldrich) 2

TCuCl,.2H,0 = 4.7 g/L (7 mM copper); ‘Kerosene (0.81 g/mL)
was changed by glucose; ""TNH,NO, was changed by (NH,),SO,
and NaNO_; "Medium modification.

)

-

Protein Class (%) A B
B chaperone 1.0
[l enzyme modulator 48
hydrolase IR
[l isomerase 58 43
ligase 8.2
B lyase i 174
B nucleic acid binding 0.1 43
oxireductase* 183 261
structural protein 0.5 43
[l (transcription factor 24
transfer/carrier protein 10
transferase 207 304
[l transporter 53

Figure 3: Protein class by all significant differentially expressed genes assessed by GO search (PANTHER classification
system) of Pseudomonas aeruginosa bacteria in absence (0 mM) and presence of 3 mM of copper ions, A and B, respectively.

“oxireductase - protein class - was chosen for further investigation (subclass - GO level 1) as described below.
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to related gene and gene product attributes across all
species, which can be divided in molecular function, bi-
ological process, cellular component, protein class and
pathways. In this study, the analyses of identified pro-
teins were performed by PANTHER-Protein Analysis
Though Evolutionary Relationships-classification sys-
tem [11].

Protein class: The number of protein classes ex-
pressed by Pseudomonas aeruginosa was inversely pro-
portional to copper ions concentration; in which 13 and
7 protein classes were found, for 0 and 3 mM of cop-
per ions, respectively, which implies in metabolic stress
mediated by copper. Chaperone, enzyme modulator,
ligase, transcription factor, transfer/carrier protein and
transporter were no longer expressed in the experiments
with 3 mM of copper ions as show Figure 3A and Figure
3B. In addition, the genes and protein class hits (data no
shown) were significantly higher in experiments without

copper (266 and 208), when compared to the experi-
ments with 3 mM of copper in the culture media (34 and
23). Thus, it is clear that the presence of cooper at 3 mM
of copper affected the proteomics of Pseudomonas aeru-
ginosa (Figure 3).

Oxidoreductases are enzymes that catalyze oxida-
tion-reduction reactions. As illustrated in the Figure 3, in
both experiments the oxireductase class was the most ex-
pressed protein class (% of gene hit against total protein
class) - 18.3% and 26.1%; 0 mM and 3 mM, respectively.
Even though these differences (Figure 3), The GO level
1 of the Protein Class (Figure 4) showed a much more
slight difference, that is, similar % of dehydrogenase 56.8
and 57.1% and reductase 18.2 and 14.3%; 0 mM and 3
mM, respectively.

Molecular function: In GO, molecular function details
reactions at molecular level, for instance binding, catalyt-
ic, antioxidant or transporter activities. The analysis of data

A B

Protein Subclass (%) A B

dehydrogenase 568 571

B hydroxylase 23 143

oxidase 13.6
B peroxidase o1 143
reductase 182 143

Figure 4: The GO level 1 of the protein class showing the subset of oxidoreductase enzymes of Pseudomonas aeruginosa
bacteria in absence (0 mM) and presence of 3 mM of copper ions, A and B, respectively.

A A

Molecular Function (%) A B
antioxidant activity 22 43
[l binding 16.1 17.4
catalytic activity* 71 69.6
B receptor activity 05
B structural molecule activity | 1.0 43
translation regulator activity | , ,
transporter activity 65 43

Figure 5: Molecular Function by all significant differentially expressed genes assessed by GO search (PANTHER classification
system) of Pseudomonas aeruginosa bacteria in absence (0 mM) and presence of 3 mM of copper ions, A and B, respectively.

“catalytic activity - molecular function - was chosen to further investigation (subclass - GO level 1) as described below.
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showed that 7 classes of proteins (molecular function) were
expressed at zero concentration of copper (Figure 5A). On
the other hand, 5 classes of proteins were identified in the
experiments with 3 mM of copper ions, in which the follow-
ing classes of proteins: Translation regulator activity and re-
ceptor activity were no longer expressed in the experiments
with 3 mM of copper (Figure 5B). In addition, in both ex-
periments, proteins with catalytic activity (enzymes) were
mostly expressed = 70%.

It can be observed that the number of proteins with
catalytic activity reduced from 9 to 4, in the cultures
without copper and with 3 mM of copper ions-Figure 6A
and Figure 6B, respectively. Furthermore, in both exper-
iments, proteins such as hydrolase activity, oxidoreduc-
tase activity and transfer activity were the major groups
of (bio)synthesized proteins.

Biological process: Compared to molecular function,

biological process relates a series of events (more than
one distinct step) that are carried out by assemblies of
molecular functions, for instance biological regulation,
cellular components organization, metabolic process
or response to stimulus. The biological process proteins
were expressed in both cultivations, in absence and pres-
ence of copper (Figure 7A and Figure 7B).

It is worth noting that even in the absence of copper,
response to stress proteins (8%) were identified (Figure
8), which means that copper ions were not the only re-
sponsible for stressing the Pseudomonas aeruginosa; me-
tabolites, other compounds of culture medium, etc, can
stress it. In addition, even with the increased on expres-
sion of response to stress proteins, as shows Figure 7A >
Figure 7B, 3.7 to 8%, respectively; the subsets are quite
similar (Figure 8), that is, composed only by response
to stress proteins and response to toxic substance pro-
teins-approximately 50% each.

A : B

e &

Molecular Function - Subclass (%) A B

[l deaminase activity 07

enzyme regulator activity

helicase activity 0.7
hydrolase activity 195 176
isomerase activity 6.0
ligase activity 10.1
lyase activity 21 176

[l oxidoreductase activity 21 35

transferase activity 282 412

Figure 6: The GO level 1 of the molecular function showing the subset of catalytic activity proteins (enzymes) of Pseudomonas
aeruginosa bacteria in absence (0 mM) and presence of 3 mM of copper ions, A and B, respectively.

A B
u i .

Biological Process (%) A B
biological regulation 14 X
biogenesis 23

M cellular process 293 28

B localization 47

B locomotion 0.5

[l metabolic process S8 64
response to stimulus* 37 3

Figure 7: Biological Process by all significant differentially expressed genes assessed by GO search (PANTHER classification
system) of Pseudomonas aeruginosa bacteria in absence (0 mM) and presence of 3 mM of copper ions, A and B, respectively.

‘response to stimulus - biological process - was chosen to further investigation (subclass - GO level 1) as described below.
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Subclass - Biological Process (%) A B
. response to stress 44 50
. response to  toxic
556 50
substance
Figure 8: The GO level 1 of the Biological Process showing the subset of stimulus response proteins of Pseudomonas
aeruginosa bacteria in absence (0 mM) and presence of 3 mM of copper ions, A and B, respectively.
A Pathway (%) A -
[ | 5-Hydroxytryptamine 30
degredation
Acetate utilization 15
[ | Alanine biosynthesis 15
Aminobutyrate degradation 4.5
B Arginine biosynthesis 45
Asparagine and aspartate 30
biosynthesis
[ Chorismate biosynthesis L5 143
Cysteine biosynthesis L5
[ De novo purine biosynthesis 7.5 143
De novo pyrimidine 45
ribonucleotides biosythesis ’
| Flavin biosynthesis L5
B Gamma-aminobutyric acid s
synthesis ’
l Heme biosynthesis 3.0
Histidine biosynthesis 3.0
Huntington disease 3.0
Hypoxia response via HIF s
activation
B Isoleucine biosynthesis L5
Leucine biosynthesis 4.5
[ | Lysine biosynthesis 6.0
Methionine biosynthesis L5
Methylcitrate cycle L5
N-acetylglucosamine s
metabolism ’
O-antigen biosynthesis 3.0
Parkinson disease L5 143
[ Peptidoglycan biosynthesis 6.0
Phenylalanine biosynthesis 3.0
Proline biosynthesis L5
Purine metabolism L5 -
Pyrimidine Metabolism L5 143
B Pyruvate metabolism 15 143
Serine glycine biosynthesis L5 -
TCA cycle 3.0 28.6
Tetrahydrofolate biosynthesis 1.5 -
Threonine biosynthesis 4.5
Tryptophan biosynthesis 1.5
[ | Tyrosine biosynthesis L5
Valine biosynthesis L5
[ | Vitamin B6 metabolism 15
Wnt signaling pathway 15
Figure 9: Pathway by all significant differentially expressed genes assessed by GO search (PANTHER classification system)
of Pseudomonas aeruginosa bacteria in absence (0 mM) and presence of 3 mM of copper ions, A and B, respectively.

Pseudomonas aeruginosa bacteria in absence (0 mM) Pathways: As illustrated in Figure 9, the pathways
and presence of 3 mM of copper ions, A and B, respectively. ~ are the most diversified GO data, in which the most of
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pathways were suppressed by the presence of ions cop-
per. Whereas in the experiments without copper, several
amino acids pathways were identified such as arginine,
alanine, asparagine biosynthesis among other. In this
sense, it is worth noting that both experiments presented
the TCA cycle and Pyruvate metabolism proteins, that
are related to central energy metabolisms. Some path-
ways expressed in both experiments are illustrated Sup-
plementary Figures.

Conclusion

NanoLC-ESI-Q-TOF; ProteinScape (Bruker-Dal-
tonics) through MASCOT engine search and protein
database SwissProt; and Panther classification system
composed one the best tools for proteomic analysis (bio-
analytical chemistry) Supplementary Data. The concen-
tration of 3 mM of copper was chosen based on obtained
MIC data in which was observed Pseudomonas aerugi-
nosa cell growth (protein synthesis) that allowed identi-
fying significant proteomic changes induced by copper.
When compared to the experiment in absence of cop-
per, the experiment with 3 mM of copper showed lower
number of proteins-for all ontologies (molecular func-
tion, biological process, etc). These results are aligned to
MIC and MBC data (1 copper = | microbial growth = |
protein synthesis). In this sense, proteins related to en-
ergy metabolism-TCA cycle and Pyruvate-(fundamental
metabolism) were (bio)synthesized in both experiments,
which proved the cell viability (indispensable for biore-
mediation).
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