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Abstract

Background: The opportunistic pathogen, Pseudomonas aeruginosa is well known for its environmental and metabolic
versatility, yet many of the functions of its gene-products remain to be fully elucidated. This study’s objective was to
illuminate the potential functions of under-described gene-products during the medically relevant copper-stress
condition.

Results: We used data-independent acquisition mass spectrometry to quantitate protein expression changes associated
with copper stress in P. aeruginosa PAO1. Approximately 2000 non-redundant proteins were quantified, with 78 proteins
altering in abundance by +/− 1.5-fold or more when cultured to mid-log growth in the presence of 50 μM copper
sulfate. One-third of those differentially expressed proteins have no prior established functional roles.

Conclusions: This study provides evidence for the functional involvement of some specific proteins in
enabling P. aeruginosa to survive under sub-lethal concentrations of copper. This further paves the way for
targeted investigations into the specific mechanisms of their activity.
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Background
Copper is an essential trace element for all organisms,
with bacteria requiring it as a co-factor to many enzymes
[1, 2]. However, at high concentrations of copper it be-
comes toxic to the organism, the toxicity of which has
been researched and exploited as an anti-microbial agent
over the years [3–6]. More explicitly, there have been
many studies seemingly producing strong evidence for the
efficacy of incorporation of copper alloys or complexes as
antimicrobial surfaces within healthcare environments [7–
17]. For example, Schmidt et al. [18] studied the effect of
copper-alloy commonly touched surfaces within intensive
care units on microbial burden in three hospitals over 43
months. They found and concluded that the copper-alloy
objects caused an 83% reduction in the average microbial
burden (p-value < 0.0001) with respect to the control, and

copper surfaces grant a safer hospital environment. A
study in 2017 by Souli et al. [19] similarly studied the ef-
fects of copper-alloy coatings within the hospital environ-
ment, but focused their interests on its effects on
multi-drug resistant bacteria, populations of which are
prevalent in hospital environments. The sampling and
analyses in this study allowed the evaluation of only clinic-
ally relevant bacteria, and found that copper-coated sur-
faces had a significant effect on reducing the microbial
burden of multi-drug resistant gram-negative bacteria and
enterococci. Nonetheless, many questions do remain from
such studies (and importantly, future studies) such as type
of copper coating, the lack of standardization, and
randomization, that do need to be de-lineated before re-
sounding conclusions can be drawn into their effective-
ness (for a recent peer-reviewed commentary on this see
Weber et al. [20]).
In examining the literature pertaining to the biological

effects of copper exposure on bacterial species, there is a
paucity of information relating to its proteome effects
for organisms of clinical relevance. One of the most not-
able studies in the area of biological response to copper
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is the transcriptional profiling study of Teitzel et al. [21]
on Pseudomonas aeruginosa. This study examined the
transcriptome of copper-stressed and copper-adapted
PAO1 cultures, and identified 405 and 331 differentially
regulated genes (3-fold) compared to the control. Par-
ticularly, genes involved in oxidative stress response
were observed in the copper stressed expression profiles,
whereas genes involved in passive transport functions
were observed in copper adapted cultures. Both had
up-regulation of genes involved in active transport func-
tions such as that of the Cu2+ transporting P-type
ATPase, yvgX (PA3920) [21–25].
The opportunistic pathogen P. aeruginosa is a bacterium

of high clinical significance owing to the widespread ob-
servance of infection in those that are immunocomprom-
ised. In hospital-acquired pneumonia, P. aeruginosa was
the etiological agent in 20% of the infections [26], and is
responsible for approximately 10% of all nosocomial infec-
tions [27, 28]. Of high clinical relevance is this organism’s
ability to establish itself within the lungs of those with cys-
tic fibrosis (CF). P. aeruginosa respiratory infection in CF
patients is a chronic complication reflective of the organ-
ism’s biofilm forming [29, 30], genetic and phenotypic di-
versity [31–33], and multi-drug resistant capacities [34–
36], as well as CF patient’s own lung pathophysiology [37,
38], all of which result in the reduced ability to rid or tar-
get the infection. Despite CF mortality rates in developed
nations being at an all-time low, median age of survival is
still not greater than 50 [39, 40], reflecting the continual
need to explore and develop treatments.
In response to the increasing need to understand P.

aeruginosa environmental and infectious versatility, it
was one of the earliest microbes to undergo complete
genome sequencing using the archetypal strain PAO1
[41]. Its large 6.3 million base pairs (Mbp) genome con-
taining 5570 open reading frames was described as hav-
ing the genetic complexity necessary to permit its wide
metabolic and environmental adaptability.
In spite of the medical importance of more fully under-

standing the metabolic capability of P. aeruginosa, the
functional roles of a significance number of its proteins re-
main poorly understood or even detected. In this study,
we used modern mass spectrometry to survey the mem-
brane and whole cell proteomes of copper-stressed P.
aeruginosa PAO1 to discover novel copper-responsive
genes. This is relevant given the heightened interest of
copper compounds as bacteriostatic and bactericidal
agents in clinical settings. We observed approximately
2000 proteins, positioning this as one of the deepest
proteome profiling studies of this strain (see Additional
file 1) and discovered 78 to be responsive to exposure to
sub-lethal copper sulfate. Over 90% of these proteins have
not been previously known to have a functional role in
combatting copper stress.

Results
Current status of the PAO1 proteome
The Pseudomonas genome database (PGD) (http://www.
pseudomonas.com) was used to review proteins identified
by mass spectrometry and assign them into one of four
product name confidence classes [42]. The four PGD con-
fidence classes are: Class 1 – Function experimentally
demonstrated in P. aeruginosa, Class 2 – Function of a
highly similar gene experimentally demonstrated in an-
other Class 3 – Function proposed based on presence of
conserved amino acid motif, structural feature or limited
sequence similarity to an experimentally demonstrated
gene, Class 4 – Homologs of previously reported genes of
unknown function, or no similarity to any previously re-
ported genes. A review of the current PDG shows that
close to 60% of PAO1 gene-products have poorly
described functional roles (i.e. Class 3 and 4 confidences)
(Additional file 2).

P. aeruginosa protein detection using SWATH-MS
To identify hitherto unknown P. aeruginosa PAO1 pro-
teins involved in response to copper stress we carried
out a quantitative proteomic experiment exposing the
microorganism to a sub-lethal concentration of copper
sulfate (Additional file 3). Data-independent acquisition
SWATH-MS [43] was used to compare both whole cell
fractions and membrane preparations of control M9
media cultured microbes with those exposed to 50 μM
CuSO4. All mass spectrometry data is reported in Add-
itional file 4. In total, 1999 non-redundant proteins were
identified (1% FDR) consisting of 1591 proteins detected
from whole cell lysate fractions and 1215 from a mem-
brane preparation. 784 and 408 proteins were uniquely
identified in the whole cell fractions and membrane frac-
tions respectively. Surprisingly, only ~ 24% of the
non-redundant identified proteins mapped to the highest
confidence functional assignment of PGD Class 1 pro-
teins. Approximately 29, 15 and 31% were ascribed as
Class 2, Class 3 and Class 4, respectively (Table 1).
Therefore, this study has found experimental evidence
for the expression of many P. aeruginosa PAO1 proteins
which are currently annotated with very limited func-
tional knowledge.
A list of 1691 P. aeruginosa PAO1 proteins that

have been experimentally confirmed or predicted
(PSORTB3.0 [44]) to be membrane localized were
extracted from PGD and compared to the proteins
detected here (Table 2). Current estimates suggest
that approximately 20–30% of genes in most micro-
bial genomes encode for membrane proteins [45], and
from the non-redundant group of proteins detected
here, 589 (29.5%) were identified as membrane pro-
teins, consistent with the accepted estimate.
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Copper responsive proteome
SWATH-MS quantitation detected 81 proteins whose
levels changed by +/− 1.5 fold or more, including 28
from the membrane-isolated fraction (Table 3) and 53
proteins in whole cell lysates upon growth in 50 μM
CuSO4 (Table 4) – including three shared proteins.
To investigate putative biological functions of the

copper-response proteins we conducted bioinformatics
analysis placing genes into 26 possible clusters of orthologs
(COGs) biological functions (Fig. 1, Additional file 5) [46].
As seen in Fig. 1 almost all categories had some level of

proteins that were differentially regulated by copper expos-
ure, but some more than others. Unsurprisingly, COG (P)
the category for inorganic ion transport contained the
highest number of copper-regulated proteins, compared
with M9 control cells. Categories E (amino acid transport
and metabolism), F (nucleotide transport and metabolism),
G (carbohydrate transport and metabolism), H (coenzyme
transport and metabolism), Q (secondary metabolite bio-
synthesis, transport and catabolism), and O (post-transla-
tional modification, protein turnover, and chaperones)
were observed to have lower normalised distributions than
that of the PAO1 proteome. Conversely, D (cell cycle con-
trol, cell division, and chromatin partitioning), and N (cell
motility) are observed to have higher normalised distribu-
tions than that of PAO1 proteome. Motility is an essential
adaptive response and a number of chemotaxis or probable
chemotaxis related proteins were observed to be signifi-
cantly down-regulated (Table 4). Others have previously
observed a similar trend of chemotaxis inhibition in
Escherichia coli when cultured in the presence of Cu2+ [47,
48]. We were surprised to observe a lower normalized

distribution of proteins in the COG related to signal trans-
duction mechanisms (T) as it is well reported in literature
that cells utilize various signal transduction pathways in re-
sponse to metal-induced oxidative stress [49–53].

Discussion
To further understand the biological response of P. aeru-
ginosa to copper exposure we quantitatively examined the
proteome using advanced mass spectrometry. This en-
abled the identification of approximately, 2000 proteins,
including several new copper-responsive proteins not pre-
viously associated with copper stress and highlighting
them for future functional analyses (Tables 3 and 4).

Novel copper responsive proteins
We observed 78 proteins whose abundances significantly
altered upon copper exposure including three known
copper-responsive proteins (Cu2+ transporting P-type
ATPase, PA3920, and the copper binding and sequester-
ing proteins PA2064 (CopB) and PA2065 (CopA) [54–
57]), confirming that the microorganism was under
copper-mediated stress. In addition, seven of the 78
differentially regulated proteins were observed to be
transcriptionally regulated in the copper-response tran-
scriptome study of Teitzel et al [21] (Additional file 6).
Thus, for these proteins, there is compelling evidence to
support their role as copper-responsive proteins.
Amongst the novel findings, PA2807 is a 22.5 kDa,

PGD confidence Class 4 protein which has not been de-
scribed in other functional experiments. According to
the InterPro database, this protein contains two do-
mains: an EfeO-type cupredoxin-like domain and a Blue
(type 1) copper domain. PA2807 gene is located adjacent
to PA2808, a gene observed to be upregulated in re-
sponse to copper and is described as a Pseudomonas
type III repressor [58, 59]. Furthermore, a two-compo-
nent copper regulatory system dubbed CopR/S (PA2809,
and PA2810) lies immediately upstream of PA2808 and
PA2807. PA2809 and PA2810 have previously been ob-
served to be up regulated in the presence of copper [21,
60, 61], and when PA2809 is knocked-out, the organism
exhibits higher sensitivity to copper [59, 61]. In our
study, PA2807 was highly induced (10-fold) while
PA2809 and PA2810 did not satisfy statistical

Table 1 PGD Product name confidence groupings of mass
spectrometry identified proteins. Classes are as described as
per PDG [42]

Class Proteins %

1.0 495 24.8

2.0 585 29.3

3.0 293 14.7

4.0 625 31.3

Not assigned 1 0.1

Total 1999

Table 2 Shared, unique, and membrane proteins of the whole cell and membrane fractions. 1591 and 1215 were the total number
of quantifiable proteins identified in the whole cell and membrane fractions respectively. There were also 589 (29.5%) non-redundant
membrane proteins identified from within the 1999 proteins identified

Whole cell fraction Membrane fraction

Total proteins 1591 1215

Total membrane proteins 323 (20.3%) 473 (38.9%)

Proteins uniquely identified in fraction 784 (49.3%) 408 (33.6%)

Total membrane proteins uniquely observed in fraction 117 (14.9%) 266 (65.2%)

Wright et al. BMC Microbiology           (2019) 19:69 Page 3 of 13



Table 3 Proteins associated with copper response in P. aeruginosa PAO1 membrane fraction. Protein samples from the copper
stressed PAO1 were compared against the control group (+/− 1.5 –fold abundance change, p < 0.01)

Protein Fold
change (+/−)

p-value Peptides Product Description Subcellular Localization
(localization [confidence code])*

Product
Name Confidence

PA2542 42.6 0.003 1 Conserved hypothetical protein Outer Membrane [Class 3] Class 4

PA3351 20.7 0.001 1 FlgM Extracellular [Class 3] Class 1

PA2505 17.9 0.000 13 Tyrosine porin OpdT Outer Membrane [Class 2];
Outer Membrane [Class 3];
Outer Membrane Vesicle [Class 1]

Class 1

PA2064 7.2 0.003 9 Copper resistance protein
B precursor

Outer Membrane [Class 3];
Outer Membrane Vesicle [Class 1]

Class 2

PA3920 6.2 0.001 12 Probable metal transporting
P-type ATPase

Cytoplasmic Membrane [Class 3] Class 3

PA4492 4.7 0.006 1 MagA Unknown [Class 3]; Cytoplasmic
Membrane [Class 1]

Class 1

PA2520 4.3 0.007 1 Resistance-Nodulation-Cell
Division (RND) divalent metal
cation efflux transporter CzcA

Cytoplasmic Membrane [Class 2];
Cytoplasmic Membrane [Class 3]

Class 2

PA5021 2.8 < 0.0001 1 Probable sodium/hydrogen
antiporter

Cytoplasmic Membrane [Class 3] Class 3

PA4935 2.09 0.009 2 30S ribosomal protein S6 Cytoplasmic [Class 3] Class 2

PA3730 1.67 0.009 1 Hypothetical protein Cytoplasmic Membrane [Class 3] Class 4

PA1766 1.64 0.006 4 Hypothetical protein Cytoplasmic [Class 3] Class 4

PA3459 −1.50 0.005 4 Probable glutamine amidotransferase Cytoplasmic [Class 3] Class 3

PA3731 −1.53 0.005 6 Conserved hypothetical protein Cytoplasmic [Class 3] Class 4

PA5174 −1.56 0.007 4 Probable beta-ketoacyl synthase Cytoplasmic [Class 3] Class 3

PA3011 −1.58 0.009 7 DNA topoisomerase I Cytoplasmic [Class 3] Class 2

PA5204 −1.67 0.002 12 N-acetylglutamate synthase Cytoplasmic [Class 3] Class 1

PA3552 −1.79 0.007 5 ArnB Cytoplasmic [Class 3] Class 2

PA4272 −1.86 0.001 3 50S ribosomal protein L10 Cytoplasmic [Class 3] Class 2

PA3769 −1.95 0.001 6 GMP synthase Cytoplasmic [Class 3] Class 2

PA0390 −2.05 0.010 2 homoserine
O-acetyltransferase

Cytoplasmic [Class 3] Class 2

PA3042 −2.14 0.001 3 Hypothetical protein Unknown [Class 3] Class 4

PA5312 −2.14 0.008 7 Aldehyde dehydrogenase Cytoplasmic [Class 3] Class 2

PA3040 −2.21 0.002 4 Conserved hypothetical
protein

Unknown [Class 3]; Outer Membrane
Vesicle [Class 1]

Class 4

PA2345 −2.35 0.002 6 Conserved hypothetical
protein

Unknown (This protein may have
multiple localization sites) [Class 3];
Unknown (This protein may have
multiple localization sites) [Class 3]

Class 4

PA3952 −2.35 0.002 2 Hypothetical protein Unknown [Class 3] Class 4

PA3746 −2.70 0.001 2 Signal recognition particle
protein Ffh

Cytoplasmic Membrane [Class 3] Class 2

PA4786 −3.15 0.002 6 Probable short-chain dehydrogenase Cytoplasmic [Class 2]; Cytoplasmic [Class 3] Class 3

PA3183 −3.50 0.008 4 Glucose-6-phosphate 1-dehydrogenase Cytoplasmic [Class 3] Class 1

*Extracted from PGD. Class 1: Subcellular localization experimentally demonstrated in Pseudomonas aeruginosa. Class 2: Subcellular localization of a similar gene
experimentally demonstrated in another organism OR to a paralog experimentally demonstrated in the same organism. BLAST expect value of 10e-10 for query
within 80–120% of subject length. Class 3: Subcellular localization computationally predicted by PSORTb [44]. Bold indicates first time evidence of protein
translation in PAO1
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Table 4 Proteins associated with copper response in P. aeruginosa PAO1 whole cell lysate. Protein samples from the copper stressed
PAO1 were compared against the control group (+/− 1.5 –fold abundance change, p < 0.01)

Protein Fold
change (+/−)

p-value Peptides Product Description Subcellular Localization (localization
[confidence code])*

Product Name
Confidence

PA3661 63.0 < 0.0001 2 Hypothetical protein Unknown [Class 3] Class 4

PA2505 25.1 < 0.0001 10 Tyrosine porin OpdT Outer Membrane [Class 2];
Outer Membrane [Class 3];
Outer Membrane Vesicle [Class 1]

Class 1

PA4714 16.2 0.002 5 Conserved hypothetical protein Unknown (This protein may have
multiple localization sites) [Class 3];
Unknown (This protein may have
multiple localization sites) [Class 3]

Class 4

PA2064 10.8 < 0.0001 6 Copper resistance protein
B precursor

Outer Membrane [Class 3]; Outer
Membrane Vesicle [Class 1]

Class 2

PA2405 10.3 0.003 1 FpvJ Unknown [Class 3] Class 1

PA3412 10.2 0.005 3 Hypothetical protein Unknown [Class 3] Class 4

PA2807 10.1 0.004 4 Hypothetical protein Unknown [Class 3] Class 4

PA4224 6.6 0.002 6 Pyochelin biosynthetic protein PchG Cytoplasmic [Class 3] Class 1

PA3445 6.2 0.002 3 Conserved hypothetical
protein

Unknown (This protein may have
multiple localization sites) [Class 3];
Unknown (This protein may have
multiple localization sites) [Class 3]

Class 4

PA4884 4.9 0.004 4 Hypothetical protein Periplasmic [Class 3] Class 4

PA2065 4.4 < 0.0001 8 Copper resistance protein A precursor Periplasmic [Class 2]; Periplasmic [Class 3];
Outer Membrane Vesicle [Class 1]

Class 2

PA3920 4.0 0.003 2 Probable metal
transporting P-type
ATPase

Cytoplasmic Membrane [Class 3] Class 3

PA3182 3.0 0.008 2 6-phosphogluconolactonase Unknown [Class 3] Class 1

PA0283 2.8 0.009 10 Sulfate-binding protein
precursor

Periplasmic [Class 2]; Periplasmic [Class 3] Class 2

PA3450 2.8 0.001 6 Probable antioxidant
protein

Cytoplasmic [Class 3] Class 3

PA0346 2.5 0.004 6 Hypothetical protein Unknown [Class 3] Class 4

PA4923 2.3 0.010 2 Conserved hypothetical
protein

Unknown [Class 3] Class 4

PA3165 2.0 0.007 5 Histidinol-phosphate aminotransferase Cytoplasmic [Class 3] Class 2

PA5215 1.9 0.006 1 Glycine-cleavage system
protein T1

Cytoplasmic [Class 3] Class 2

PA5335 1.7 0.005 1 Conserved hypothetical
protein

Cytoplasmic [Class 3] Class 4

PA4240 1.7 0.009 3 30S ribosomal protein S11 Cytoplasmic [Class 3]; Outer Membrane
Vesicle [Class 1]

Class 2

PA0473 1.7 0.006 2 Probable glutathione
S-transferase

Cytoplasmic [Class 3] Class 3

PA5188 1.7 0.010 2 Probable 3-hydroxyacyl-
CoA dehydrogenase

Cytoplasmic [Class 3] Class 3

PA3029 1.6 0.007 5 Molybdopterin
biosynthetic protein B2

Cytoplasmic [Class 3] Class 2

PA4110 1.6 0.010 5 Beta-lactamase precursor
(AmpC)

Periplasmic [Class 1]; Periplasmic [Class 3] Class 1

PA1024 1.6 < 0.0001 1 2-Nitropropane Dioxygenase Cytoplasmic [Class 3] Class 1

PA3896 1.6 0.001 2 Probable 2-hydroxyacid
dehydrogenase

Cytoplasmic [Class 2];
Cytoplasmic [Class 3]

Class 3

PA4947 1.5 0.007 1 N-acetylmuramoyl-L- Unknown [Class 3] Class 2
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Table 4 Proteins associated with copper response in P. aeruginosa PAO1 whole cell lysate. Protein samples from the copper stressed
PAO1 were compared against the control group (+/− 1.5 –fold abundance change, p < 0.01) (Continued)

Protein Fold
change (+/−)

p-value Peptides Product Description Subcellular Localization (localization
[confidence code])*

Product Name
Confidence

alanine amidase

PA1151 1.5 0.005 3 Pyocin S2 immunity
protein

Cytoplasmic [Class 3] Class 1

PA3243 1.5 0.001 3 Cell division inhibitor
MinC

Cytoplasmic [Class 3] Class 2

PA2572 −1.6 0.008 1 Probable two-component
response regulator

Cytoplasmic [Class 3] Class 3

PA0833 −1.6 0.008 2 Hypothetical protein Outer Membrane [Class 3];
Outer Membrane Vesicle [Class 1]

Class 4

PA2476 −1.7 0.008 3 Thiol:disulfide interchange
protein DsbG

Periplasmic [Class 3] Class 2

PA5209 −1.9 0.001 2 Hypothetical protein Unknown (This protein may have
multiple localization sites) [Class 3];
Unknown (This protein may have
multiple localization sites) [Class 3]

Class 4

PA5562 −1.9 0.002 5 Chromosome partitioning
protein Spo0J

Cytoplasmic [Class 3] Class 2

PA0265 −2.0 0.004 3 Succinate-semialdehyde
dehydrogenase

Cytoplasmic [Class 3] Class 2

PA5554 −2.0 < 0.0001 15 ATP synthase beta chain Cytoplasmic [Class 3]; Outer Membrane
Vesicle [Class 1]

Class 2

PA2259 −2.1 0.006 1 Transcriptional
regulator PtxS

Cytoplasmic [Class 3] Class 1

PA4317 −2.2 0.006 1 Hypothetical protein Cytoplasmic Membrane [Class 3] Class 4

PA4764 −2.3 0.008 2 Ferric uptake regulation
protein

Cytoplasmic [Class 1]; Cytoplasmic [Class 3] Class 1

PA1580 −2.3 0.009 5 Citrate synthase Cytoplasmic [Class 3] Class 1

PA4360 −2.4 0.008 2 Hypothetical protein Unknown [Class 3]; Outer Membrane
Vesicle [Class 1]

Class 4

PA1608 −2.5 0.008 2 Probable chemotaxis
transducer

Cytoplasmic Membrane [Class 3];
Outer Membrane [Class 2]

Class 3

PA3214 −2.7 0.002 2 Hypothetical protein Unknown [Class 3] Class 4

PA0762 −2.7 0.007 2 Sigma factor AlgU Cytoplasmic [Class 3] Class 1

PA0122 −2.8 0.003 4 rahU Extracellular [Class 3] Class 1

PA4310 −2.9 0.004 3 Chemotactic
transducer PctB

Cytoplasmic Membrane [Class 3] Class 1

PA2654 −3.2 0.008 6 Probable chemotaxis
transducer

Cytoplasmic Membrane [Class 3] Class 3

PA2815 −4.2 0.006 4 Probable acyl-CoA
dehydrogenase

Cytoplasmic Membrane [Class 3];
Outer Membrane Vesicle [Class 1]

Class 3

PA4876 −4.7 0.003 2 Osmotically inducible
lipoprotein OsmE

Unknown [Class 3]; Outer Membrane
Vesicle [Class 1]

Class 2

PA1324 −6.1 0.003 5 Hypothetical protein Unknown [Class 3] Class 4

PA3691 −6.2 0.009 8 Hypothetical protein Unknown [Class 3]; Outer Membrane
Vesicle [Class 1]

Class 4

PA3110 −16.7 < 0.0001 1 Hypothetical protein Unknown [Class 3] Class 4

*Extracted from PGD. Class 1: Subcellular localization experimentally demonstrated in Pseudomonas aeruginosa. Class 2: Subcellular localization of a similar gene
experimentally demonstrated in another organism OR to a paralog experimentally demonstrated in the same organism. BLAST expect value of 10e-10 for query
within 80–120% of subject length. Class 3: Subcellular localization computationally predicted by PSORTb [44]. Bold indicates first time evidence of protein
translation in PAO1
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significance, and PA2808 was not observed. Nonetheless,
the combined evidence strongly supports a role for
PA2807 in the copper response system in P. aeruginosa
as a member of the plastocyanin/azurin copper-binding
family [58], and can be reclassified in PGD.
Under copper-mediated stress, there were a consider-

able number of proteins observed to be differentially
regulated that are currently not well annotated, nor have
sufficient functional predictions available to confidently
assign a biological function. Of particular note was the
protein PA2542 which showed a > 40-fold level of induc-
tion upon copper stress. This large 130.5 kDa predicted
outer membrane protein, holds some homology at its
C-terminus (amino acids 900–1221) to the E. coli TamB
family that forms a complex with TamA, resulting in the
TAM complex, a recently described novel protein secre-
tion system [62]. If PA2542 is in fact a homolog of TamB
our study provides novel evidence for the reliance of

P. aeruginosa for utilising the TAM transport system in
responding to copper exposure. The TAM system’s cru-
cial function in assembly of outer membrane proteins
[63, 64] (and our observation of the strong up-regulation
of PA2542) directly aligns with the high fold changes
shown in Tables 3 and 4 of proteins whose annotated
subcellular localisation is that of the outer membrane. It
is of no surprise these include copper-stress related
membrane proteins PA3920, PA2064, and PA2065
(among others).
In Table 4, we observed large fold change inductions

for a number of other proteins classed as hypothetical
proteins, including, PA3661 (+ 63.0), PA4714 (+ 16.2),
and PA3110 (− 16.7). PA3661 is a predicted small, 12.3
kDa protein that has no known functional role, but is
likely to be localised to the outer membrane due to pre-
diction of a type II non-cytoplasmic signal peptide [44,
65]. The fact that it is induced so strongly as a result of

Fig. 1 COG functional categories used to represent major biological functions. This distribution map highlights the COG % distribution for all non-
redundant proteins from this experiment and 78 proteins deemed significantly differentially regulated. This also contains the % distribution for 5698
proteins of PAO1 – PAO1 proteome (derived from the PGD). The COG functional categories are: a– RNA processing and modification, b– chromatin
structure and dynamics, c– energy production and dynamics, d– cell cycle control, cell division, and chromatin partitioning, e– amino acid transport
and metabolism, f– nucleotide transport and metabolism, g– carbohydrate transport and metabolism, h– coenzyme transport and metabolism, i– lipid
transport and metabolism, j– translation, ribosomal structure, and biogenesis, k– transcription, l– replication, repair, and recombination,m– cell wall/
membrane/envelope biogenesis, n– cell motility, o– post-translational modification, protein turnover, and chaperones, p– inorganic ion transport, q–
secondary metabolite biosynthesis, transport, and catabolism, r– general function prediction only, s– function unknown, t– signal transduction
mechanisms, u– intracellular trafficking, secretion, and vesicular transport, v– defense mechanisms, w– extracellular structures, x– mobilome: prophages,
and transposons, y– nuclear structure, z– cytoskeleton, and § – no COG assignment
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copper exposure paints a role in Cu2+ resistance and
makes this an interesting lead to pursue. Other lipopro-
teins, PA1324, PA3691, and PA4876, were observed to
be down-regulated (Table 4), consistent with the de-
creased expression of their regulator, sigma factor AlgU
(also known as AlgT and σ22) (Table 4) [66, 67].
Hypothetical protein PA4714 shares homology with a

poorly defined family of proteins collectively named
DUF411, a group in which there is little insight into
function other than possible cation resistance and/or
metal binding activity. This proposed activity aligns with
the response we observed to copper-mediated stress.
The conserved hypothetical protein PA3110, was ob-
served to be significantly down regulated in response to
copper stress. Investigating further, InterPro, and Egg-
NOG protein analysis [68], confidently highlighted a
sporulation-like domain (SPOR) on the C-terminus of
PA3110. SPOR domains are found in thousands of bac-
terial proteins [69], and work performed studying SPOR
domain containing proteins in E. coli have found that
these domains are involved in binding to peptidoglycan
at the septal ring [70–72], and thus SPOR domains pro-
vide targeting mechanisms for their respective proteins.

Function refinement
Upon copper exposure we observed up regulation of the
iron homeostasis protein, PchG (PA4224, Table 4). This
protein is reliably characterised as a key protein in the
synthesis of the iron siderophore pyochelin [73] and is
produced and secreted by P. aeruginosa PAO1 to chelate
Fe3+ and transport it back to the cell. PchG has also
been shown to chelate other metals, including Cu2+, al-
beit with lower affinities [74, 75]. In further agreement
to our observation we detected the down regulation of
PA4764 (Ferric uptake regulator - Fur), a protein whose
expression negatively controls the production of pyoche-
lin by indirectly acting on its biosynthetic genes [76].
Together, our data support a role for PchG in binding
Cu2+. We further noted the changed expression of other
proteins involved in pyochelin activity from the whole
cell fraction (Additional file 1). PA4221 (+ 4.1 fold,
p-value 0.01), PA4225 (+ 3.1 fold, p-value 0.02), PA4226
(+ 4.2 fold, p-value 0.06), PA4227 (+ 1.6, p-value 0.33),
PA4228 (+ 3.4 fold, p-value 0.02), and PA4229 (+ 3.3
fold, p-value 0.03), although not all passed our statistical
cut-off threshold.
On first thought the observations of Teitzel et al. [21],

and Visca et al. [75] seem to fit with assumption that the
siderophore pyochelin would be suppressed under copper
exposure due to its inherent ability to chelate it and pre-
sumably then transport it into the cell. However, to some-
what rationalise and explain our contrary results we
highlight the study of Braud et al. [74], in which they found
that pyochelin chelated to 16 metals (including Cu2+) and

all but Hg2+ bound to the specific outer membrane trans-
porter FptA (PA4221), a transporter that facilitates the
transfer of ferric iron into the cell. Yet, FptA metal uptake
into the cell was only specific for Fe3+, Co2+, Ga3+, and Ni2
+ [74], and that in the absence of pyochelin in the extracel-
lular medium, sensitivity to Cu2+ was increased. There is a
clear need for further study to clarify the difference we ob-
served, however, it is clear that pyochelin provides a reduc-
tion in Cu2+ toxicity through its chelation and decreased
diffusion through the cell [74] and this may be described
as a beneficial pseudo-function.
PA2505, OpdT was observed to be strongly up regu-

lated in the whole cell and membrane fractions and is
described as a tyrosine porin. In the study by Tamber et
al. [77], they suggest that some sub-members of the
OprD family of porins, which includes OpdT, are likely
candidates for permitting low levels of non-specific up-
take through the outer membrane. Therefore, it is quite
possible that this porin encoding gene may be involved
in secretion of small molecules and ions across the
membrane, and thus may have an integral role in copper
stress response through passive diffusion. OpdT has also
been observed to be upregulated in copper adapted cells
[21], where it was suggested that the induction of OpdT
compensates for the repression of the other sub-family
members of the OprD family while not compromising
the cell.

Virulence and pathogenesis
The membrane transporter, PA2520 (CzcA) is a heavy
metal cation efflux protein which we observed in the
membrane proteomic data to be induced 4.3-fold when
exposed to copper. Previous studies have strongly impli-
cated the upregulation of CzcCBA in P. aeruginosa with
carbapenam resistance [60, 78, 79]. This effect stems
from the decreased expression of the OprD porin (which
we did not observe) that has been correlated to the over-
expression of the Czc system, and therefore results in
the decreased diffusion of antibiotics into the cell [79].
Similarly, OpdT which is known to be positively regu-
lated under this same system [80] was also increased in
abundance under copper-stress. The significance of
these findings highlights potential concerns of efficacy of
using copper-coated surfaces as bactericidal agents.
Interestingly, we noted that the proteins corresponding

to the pyoverdine siderophore system were unchanged,
except one protein, PA2405 (FpvJ) which is up-regulated.
This protein contains a signal peptide supporting a peri-
plasmic location and its genome organisation suggested it
is probably involved in the transport of Fe2+ after reduc-
tion of iron from ferri-pyoverdine [81].
We detected additional proteins regulated by copper

exposure that are involved in or predicted to be involved
in virulence or pathogenesis. An example is MagA which
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was which has a fold change induction under copper ex-
posure of 4.7. The magABCDEF operon has been de-
scribed as encoding a structural homolog of the human
α2-macroglobulin, a large-spectrum protease inhibitor
[82], but the precise role of MagA is unclear. Here, we
show it is induced by copper exposure and further studies
will be needed to determine its exact function. Similarly to
MagA, AmpC (PA4110) was also up-regulated in the pres-
ence of copper and has been described as a chromosomal
encoded cephalosporinase [83, 84]. A study by Cabot et al.
[83] investigating the prevalence of ampC overexpression
in P. aeruginosa isolates from bloodstream infections,
showed a strong relationship to β-lactam and aminoglyco-
side resistance with ampC overexpression. Worryingly,
they noted that 100% of isolates resistant to all first-line
β-lactams and aminoglycosides had an ampC overexpres-
sion phenotype [83]. It is unclear why copper-mediated
stress would induce this cephalosporinase, and therefore
further investigation is required.

Conclusion
This study examined the proteome of P. aeruginosa
PAO1, a common nosocomial microbe and biofilm-form-
ing species in response to copper ion exposure. This facili-
tated the identification of 78 proteins as responders to
copper stress, including a number of proteins not previ-
ously recognized for a role in copper response. It is im-
portant to understand the effect specific metals have on
pathogenic bacterial species as copper alloys are of consid-
erable interest to the medical microbiology community
for their potential role as agents to inhibit the attachment
and growth of bacterial species on commonly handled
surfaces within hospital environments.

Methods
Cultivation
All equipment, media, and water (milliQ) were subjected
to sterilization by autoclaving (121 °C, and 15 psi for 20
min) prior to experimental work. The P. aeruginosa strain
used for this study was PAO1 and for cultivation it was
grown on Luria Broth (LB) agar plates (NaCl 10 g/L, tryp-
tone 10 g/L, yeast extract 2.5 g/L, and agar 15 g/L), and in
M9 liquid medium (11.28 g/L 1x M9 salts (Sigma Aldrich),
0.24 g/L MgSO4, 0.01 g/L CaCl2, and 3.6 g/L). Cultures
were taken from − 80 °C stock storage and depending on
requirements were either streaked for isolated colonies
onto LB plates and grown for 18–24 h at 37 °C, or cul-
tured into 10mL of M9 and grown for 14–16 h at 37 °C
and 200 rpm agitation. The cultured PAO1 was used for
the basis of further experimental work.

Growth curve
The flask growth study using PAO1 was conducted in
250 mL conical flasks with 50 mLM9 cultures (1/100

dilution) in triplicate with or without 50 μM CuSO4

(CuSO4.5H2O ≥ 98%, Sigma Aldrich). Cultures were
subjected to 37 °C and 150 rpm agitation, with optical
density readings (OD600) taking hourly from the fourth
hour of growth until the 20-first hour of growth (Add-
itional file 3).

Sample preparation
Sample preparation was adapted from the methods of
Molloy, M.P. [85]. Growth of PAO1 was conducted in
400 mL (1/100 dilution) of M9 in 2 L flasks at 37 °C and
150 rpm. PAO1 was grown in triplicate with or without
the addition of 50 μM CuSO4.
Each culture was harvested at mid-log growth by pel-

leting the medium via centrifugation at 3500 g at 4 °C
for 8 mins. The supernatant was discarded and the pellet
was washed with phosphate buffered saline (140 mM
NaCl, 2.7 mM KCl, 10 mM phosphate buffer pH 7.4)
(PBS)), followed by centrifugation at 3900 g at 4 °C for 8
minutes, and pellet collection in a 2mL screw cap tube.
Ice-cold PBS was added to the tubes (500-700 μL), as
well as protease inhibitor (Roche), and benzonase (Sigma
Aldrich). Three cycles of bead beating was performed to
lyse the cells using acid-washed 180 μm (16–25 U.S.
sieve) glass beads (Sigma Aldrich) at intensity 4.5 for 10
s with intermittent cooling on ice for 10 min between
each cycle. Centrifugation of samples was then per-
formed at 2500 g at 4 °C for eight minutes and a super-
natant from each was collected and retained.
Sodium carbonate based membrane protein extraction

was performed on a portion of supernatant from each of
the samples. The supernatants to be used were pooled
for each of the triplicates and were added to 33 mL of
ice-cold 100 mM sodium carbonate and were placed on
a rocker in 4 °C for one hour. The solutions then under-
went ultracentrifugation at 115,000 g at 4 °C for one
hour, after which the supernatant was discarded. PBS
was then added to the tubes and the ultracentrifugation
procedure was repeated. Reconstitution of the pellet was
performed with 60 μL of 100 mM TEAB buffer with 1%
sodium deoxycholate followed by three cycles of vortex
and sonication in a water bath for 15 min at 4 °C, putting
the tubes on ice intermittently. The solution was then
placed into 2 mL protein low-bind tubes.
In-solution digestion of proteins was performed for

membrane and soluble fractions. Reduction and alkyl-
ation of cysteine residues was carried out by incubation
with 10 mM of dithiothreitol at 60 °C for 30 min,
followed by incubation with 20mM of iodoacetamide at
room temperature, in the dark for 20 min. Trypsin was
added at a 1:50 ratio of trypsin to protein (w/w) and left
to incubate at 37 °C overnight. 100% formic acid is then
added to the samples at a final concentration of 2% for-
mic acid to precipitate out the sodium deoxycholate,
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that is then subsequently removed, and finally the sam-
ples are freeze-dried at − 20 °C for mass spectrometry.

Mass spectrometry
All mass spectrometry runs were performed using a Triple-
TOF 6600 mass spectrometer with an ekspert™ nanoLC400
system with cHipLC system (SCIEX). Peptide retention oc-
curred through a reverse phase 200 μm×0.5mm cHiPLC®
trap column (3 μm, 120 Å pore size C18-CL), and a 15 cm×
200 μm cHiPLC® analytical column (3 μm, 120 Å pore size
C18-CL). Freeze-dried tryptic peptide samples were
re-suspended in solvent A (2% acetonitrile, 0.1% formic
acid). Re-suspension in solvent A allows the hydrophobic
sections of the peptides to bind to a reverse-phase column.
3 μg (10 μL) of sample was injected onto the trap using an
auto-sampler, and peptide elution from the reverse-phase
column was achieved with solution A, and solution B (95%
acetonitrile, 0.1% formic acid) 600 μL/min elution gradient
over a 140-min chromatographic runtime. The elution gra-
dient was as follows: from 5% solvent B to 40% solvent B
within 120min, from 40% B to 85% B within 2min, 85%
for 5min and 5% B for 10min. Electrospray ionization was
used at a spray voltage of 2500V to produce positively
charged ions for MS/MS.

IDA-MS
Spectra were collected for the 20 most intense precursor
ions (with charge state + 2 to + 4) across the m/z range of
350–1500 (accumulation time 250ms). To reduce redun-
dant precursor selection, a dynamic exclusion of 30 s was
used. MS/MS spectra were collected from 100 to 1800m/z
with 100ms accumulation time.
Spectra were searched against a P. aeruginosa whole

protein dataset derived from the PGD (12–08-14) using
the ProteinPilot™ software 5.0 (SCIEX). Proteins and
peptides were accepted with a protein false discovery
rate of < 1%. Carbamidomethylation of cysteine residues
was set as a fixed modification.

SWATH-MS
All precursor ions were selected for fragmentation within
each of 100 variable windows (Additional file 7) a m/z
range of 400–1250 within a total cycle time of 3.1 s. Colli-
sion energies were calculated for a doubly (+ 2) charged
species with a m/z of lowest mass in window + 10% win-
dow size. MS/MS spectra were collected across the m/z
range of 350–1500 with a 35ms accumulation time.

Data analysis
SWATH-MS data was extracted using Peakview v2.1
with SWATH Micro-App v2.0 (SCIEX). A spectral li-
brary generated from the membrane, and soluble frac-
tion IDA runs was used to extract information from the
SWATH-MS runs. Data processing in Peakview v2.1 was

as follows: number of peptides per protein – max. 100,
number of transitions per peptide – 6, peptide confi-
dence level – 99%, transition false discovery rate < 1%,
10-min extraction window and fragment extraction
tolerance of 75 ppm.
Peakview v2.1 results were loaded into and proc-

essed in Perseus v1.5.2.6 (Max Planck Institute of
Biochemistry). Peak area data (area under the curve)
across all samples and proteins were normalized (div-
ision with grouping’s calculated median), and log2
transformed. Student’s t-test (two-tailed, homoscedas-
tic) was performed in Perseus to obtain a p-value to
determine statistical significance. Peak area was aver-
aged between triplicates for individual proteins, and
conditions (+/− CuSO4) and fold change of proteins
were calculated between CuSO4 stressed and the con-
trol group and shown in Additional file 4. Additional
analyses was performed in Microsoft Excel (Microsoft)
using data from the Pseudomonas genome database
(PGD) and data exported from the Perseus analysis,
which included clusters of orthologous groups, prod-
uct class and subcellular localization analyses.

Additional files

Additional file 1: A comprehensive list of P. aeruginosa PAO1 proteomic
studies of the period 2000–2017. (DOCX 71 kb)

Additional file 2: P. aeruginosa PAO1 gene product distributions.
(DOCX 596 kb)

Additional file 3: P. aeruginosa growth curve under exposure to CuSO4.
(DOCX 17 kb)

Additional file 4: Mass spectrometry data. (XLSX 2115 kb)

Additional file 5: Proteins mapped to COG functional categories that
are used to represent major biological functions. (DOCX 1388 kb)

Additional file 6: Shared observations of this study (proteomic) and the
transciptomic study of Teitzel et al. (DOCX 25 kb)

Additional file 7: SWATH-MS variable windows across the 400–1250m/z
range. (DOCX 16 kb)

Abbreviations
COG: Cluster of orthologous group; FDR: False discovery rate; IDA: Information
dependent acquisition; PDG: Pseudomonas genome database; SPOR: Sporulation-
type domain; SWATH-MS: Sequential windowed acquisition of all theoretical
mass spectra

Acknowledgements
Aspects of this research was conducted at the Australian Proteome Analysis
Facility, facilitated by the Australian Government’s National Collaborative
Research Infrastructure Scheme. BWW is the recipient of a Macquarie University
Research Excellence PhD scholarship (MQRES).

Funding
Not applicable.

Availability of data and materials
All data generated or analysed during this study are included in this
published article.
Other datasets generated during and/or analysed during the current study
are available in the Pseudomonas Genome Database repository, (http://www.
pseudomonas.com) [42].

Wright et al. BMC Microbiology           (2019) 19:69 Page 10 of 13

https://doi.org/10.1186/s12866-019-1441-7
https://doi.org/10.1186/s12866-019-1441-7
https://doi.org/10.1186/s12866-019-1441-7
https://doi.org/10.1186/s12866-019-1441-7
https://doi.org/10.1186/s12866-019-1441-7
https://doi.org/10.1186/s12866-019-1441-7
https://doi.org/10.1186/s12866-019-1441-7
http://www.pseudomonas.com
http://www.pseudomonas.com


Authors’ contributions
BWW prepared samples, conducted analyses, interpreted results, and wrote the
manuscript. KSK acquired data and contributed to study design. CK acquired
data and contributed to study design. MPM conceived the study, acquired
funding, analysed and interpreted results, and wrote the manuscript. All authors
approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details
1Department of Molecular Sciences, Macquarie University, Sydney 2109,
Australia. 2Australian Proteome Analysis Facility, Macquarie University, Sydney
2109, Australia. 3Present address: Bowel Cancer and Biomarker Laboratory,
Kolling Instiute, The University of Sydney, Royal North Shore Hospital,
Sydney, Australia.

Received: 6 July 2018 Accepted: 22 March 2019

References
1. Cervantes C, Gutierrez-Corona F. Copper resistance mechanisms in bacteria

and fungi. FEMS Microbiol Rev. 1994;14(2):121–37.
2. Arguello J, Raimunda D, Padilla-Benavides T. Mechanisms of copper

homeostasis in bacteria. Front Cell Infect Microbiol. 2013;3:73.
3. Elguindi J, Wagner J, Rensing C. Genes involved in copper resistance

influence survival of Pseudomonas aeruginosa on copper surfaces. J Appl
Microbiol. 2009;106(5):1448–55.

4. Faundez G, Troncoso M, Navarrete P, Figueroa G. Antimicrobial activity of
copper surfaces against suspensions of salmonella enterica and
campylobacter jejuni. BMC Microbiol. 2004;4:19.

5. Hassan IA, Parkin IP, Nair SP, Carmalt CJ. Antimicrobial activity of copper and
copper(i) oxide thin films deposited via aerosol-assisted CVD. J Mater Chem
B. 2014;2(19):2855–60.

6. Ramyadevi J, Jeyasubramanian K, Marikani A, Rajakumar G, Rahuman AA.
Synthesis and antimicrobial activity of copper nanoparticles. Mater Lett.
2012;71:114–6.

7. Salgado CD, Sepkowitz KA, John JF, Cantey JR, Attaway HH, Freeman KD,
Sharpe PA, Michels HT, Schmidt MG. Copper surfaces reduce the rate of
healthcare-acquired infections in the intensive care unit. Infect Control Hosp
Epidemiol. 2013;34(5):479–86.

8. Schmidt MG, Attaway HH, Fairey SE, Steed LL, Michels HT, Salgado CD.
Copper continuously limits the concentration of bacteria resident on bed
rails within the intensive care unit. Infection Control & Hospital
Epidemiology. 2013;34(5):530–3.

9. Mathews S, Hans M, Mücklich F, Solioz M. Contact killing of bacteria on
copper is suppressed if bacterial-metal contact is prevented and is induced
on iron by copper ions. Appl Environ Microbiol. 2013;79(8):2605–11.

10. Beeton ML, Aldrich-Wright JR, Bolhuis A. The antimicrobial and antibiofilm
activities of copper (II) complexes. J Inorg Biochem. 2014;140:167–72.

11. Schmidt MG, von Dessauer B, Benavente C, Benadof D, Cifuentes P, Elgueta
A, Duran C, Navarrete MS. Copper surfaces are associated with significantly
lower concentrations of bacteria on selected surfaces within a pediatric
intensive care unit. Am J Infect Control. 2016;44(2):203–9.

12. Hinsa-Leasure SM, Nartey Q, Vaverka J, Schmidt MG. Copper alloy surfaces
sustain terminal cleaning levels in a rural hospital. Am J Infect Control. 2016;
44(11):e195–203.

13. Mitra D, Li M, Kang E-T, Neoh K-G. Transparent copper-loaded chitosan/silica
antibacterial coatings with Long-term efficacy. ACS Appl Mater Interfaces.
2017;35:29515-25.

14. Różańska A, Chmielarczyk A, Romaniszyn D, Sroka-Oleksiak A, Bulanda M,
Walkowicz M, Osuch P, Knych T. Antimicrobial Properties of Selected
Copper Alloys on Staphylococcus aureus and Escherichia coli in Different
Simulations of Environmental Conditions: With vs. without Organic
Contamination. Int J Environ Res Public Health 2017;14(7):813.

15. von Dessauer B, Navarrete MS, Benadof D, Benavente C, Schmidt MG.
Potential effectiveness of copper surfaces in reducing health care–
associated infection rates in a pediatric intensive and intermediate care unit:
a nonrandomized controlled trial. Am J Infect Control. 2016;44(8):e133–9.

16. Noyce JO, Michels H, Keevil CW. Potential use of copper surfaces to reduce
survival of epidemic meticillin-resistant Staphylococcus aureus in the
healthcare environment. J Hosp Infect. 2006;63(3):289–97.

17. Souli M, Galani I, Plachouras D, Panagea T, Armaganidis A, Petrikkos G,
Giamarellou H. Antimicrobial activity of copper surfaces against
carbapenemase-producing contemporary gram-negative clinical isolates.
J Antimicrob Chemother. 2012;68(4):852–7.

18. Schmidt MG, Attaway HH, Sharpe PA, John J Jr, Sepkowitz KA, Morgan A,
Fairey SE, Singh S, Steed LL, Cantey JR, et al. Sustained reduction of
microbial burden on common hospital surfaces through introduction of
copper. J Clin Microbiol. 2012;50(7):2217–23.

19. Souli M, Antoniadou A, Katsarolis I, Mavrou I, Paramythiotou E,
Papadomichelakis E, Drogari-Apiranthitou M, Panagea T, Giamarellou H,
Petrikkos G. Reduction of environmental contamination with multidrug-
resistant Bacteria by copper-alloy coating of surfaces in a highly endemic
setting. Infect Control Hosp Epidemiol. 2017;38(7 765-71).

20. Weber DJ, Otter JA, Rutala WA. Can copper-coated surfaces prevent
healthcare-associated infections? Infection Control &#x0026; Hospital
Epidemiology. 2017;38(7):772–6.

21. Teitzel GM, Geddie A, De Long SK, Kirisits MJ, Whiteley M, Parsek MR.
Survival and growth in the presence of elevated copper: transcriptional
profiling of copper-stressed Pseudomonas aeruginosa. J Bacteriol. 2006;
188(20):7242–56.

22. González-Guerrero M, Raimunda D, Cheng X, Argüello JM. Distinct
functional roles of homologous cu+ efflux ATPases in Pseudomonas
aeruginosa. Mol Microbiol. 2010;78(5):1246–58.

23. Axelsen KB, Palmgren MG. Evolution of substrate specificities in the P-type
ATPase superfamily. J Mol Evol. 1998;46(1):84–101.

24. Kühlbrandt W. Biology, structure and mechanism of P-type ATPases. Nat Rev
Mol Cell Biol. 2004;5(4):282–95.

25. Guo J, Gao SH, Lu J, Bond PL, Verstraete W, Yuan Z. Copper oxide
nanoparticles induce lysogenic bacteriophage and metal-resistance genes
in Pseudomonas aeruginosa PAO1. ACS Appl Mater Interfaces. 2017;9(27):
22298–307.

26. Herkel T, Uvizl R, Doubravska L, Adamus M, Gabrhelik T, Htoutou Sedlakova
M, Kolar M, Hanulik V, Pudova V, Langova K. Epidemiology of hospital-
acquired pneumonia: results of a central European multicenter, prospective,
observational study compared with data from the European region; 2016.

27. Sievert DM, Ricks P, Edwards JR, Schneider A, Patel J, Srinivasan A, Kallen A,
Limbago B, Fridkin S, for the National Healthcare Safety Network T, et al.
Antimicrobial-Resistant Pathogens Associated with Healthcare-Associated
Infections: Summary of Data Reported to the National Healthcare Safety
Network at the Centers for Disease Control and Prevention, 2009&#x2013;2010.
Infect Control Hosp Epidemiol. 2013;34(1):1–14.

28. Zarb P, Coignard B, Griskeviciene J, Muller A, Vankerckhoven V, Weist K,
Goossens M, Vaerenberg S, Hopkins S, Catry B, et al. The European Centre for
Disease Prevention and Control (ECDC) pilot point prevalence survey of
healthcare-associated infections and antimicrobial use. Euro surveillance. 2012;
17(46):20316.

29. Herbst FA, Sondergaard MT, Kjeldal H, Stensballe A, Nielsen PH, Dueholm MS.
Major proteomic changes associated with amyloid-induced biofilm formation in
Pseudomonas aeruginosa PAO1. J Proteome Res. 2015;14(1):72–81.

30. Mulcahy L, Isabella V, Lewis K. Pseudomonas aeruginosa biofilms in disease.
Microb Ecol. 2014;68(1):1–12.

31. Darch SE, McNally A, Harrison F, Corander J, Barr HL, Paszkiewicz K, Holden
S, Fogarty A, Crusz SA, Diggle SP. Recombination is a key driver of genomic
and phenotypic diversity in a Pseudomonas aeruginosa population during
cystic fibrosis infection. Sci Rep. 2015;5:7649.

32. Penesyan A, Kumar SS, Kamath K, Shathili AM, Venkatakrishnan V, Krisp C,
Packer NH, Molloy MP, Paulsen IT. Genetically and phenotypically distinct
Pseudomonas aeruginosa cystic fibrosis isolates share a Core proteomic
signature. PLoS One. 2015;10(10):e0138527.

Wright et al. BMC Microbiology           (2019) 19:69 Page 11 of 13



33. Winstanley C, O’Brien S, Brockhurst MA. Pseudomonas aeruginosa
evolutionary adaptation and diversification in cystic fibrosis chronic lung
infections. Trends Microbiol. 2016;24(5):327–37.

34. Li XZ, Livermore DM, Nikaido H. Role of efflux pump(s) in intrinsic resistance
of Pseudomonas aeruginosa: resistance to tetracycline, chloramphenicol,
and norfloxacin. Antimicrob Agents Chemother. 1994;38(8):1732–41.

35. Breidenstein EBM, de la Fuente-Núñez C, Hancock REW. Pseudomonas
aeruginosa: all roads lead to resistance. Trends Microbiol. 2011;19(8):419–26.

36. Livermore DM. Multiple mechanisms of antimicrobial resistance in Pseudomonas
aeruginosa: our worst nightmare? Clin Infect Dis. 2002;34(5):634–40.

37. Lyczak JB, Cannon CL, Pier GB. Lung infections associated with cystic
fibrosis. Clin Microbiol Rev. 2002;15(2):194–222.

38. Gibson RL, Burns JL, Ramsey BW. Pathophysiology and management of
pulmonary infections in cystic fibrosis. Am J Respir Crit Care Med. 2003;
168(8):918–51.

39. Stephenson AL, Tom M, Berthiaume Y, Singer LG, Aaron SD, Whitmore G,
Stanojevic S. A contemporary survival analysis of individuals with cystic
fibrosis: a cohort study. Eur Respir J. 2015;45(3):670–9.

40. MacKenzie T, Gifford AH, Sabadosa KA, Quinton HB, Knapp EA, Goss CH,
Marshall BC. Longevity of patients with cystic fibrosis in 2000 to 2010 and
beyond: survival analysis of the cystic fibrosis foundation patient registry.
Ann Intern Med. 2014;161(4):233–41.

41. Stover CK, Pham XQ, Erwin AL, Mizoguchi SD, Warrener P, Hickey MJ,
Brinkman FSL, Hufnagle WO, Kowalik DJ, Lagrou M, et al. Complete genome
sequence of Pseudomonas aeruginosa PAO1, an opportunistic pathogen.
Nature. 2000;406(6799):959–64.

42. Winsor GL, Griffiths EJ, Lo R, Dhillon BK, Shay JA, Brinkman FS. Enhanced
annotations and features for comparing thousands of Pseudomonas genomes in
the Pseudomonas genome database. Nucleic Acids Res. 2016;44(D1):D646–53.

43. Gillet LC, Navarro P, Tate S, Rost H, Selevsek N, Reiter L, Bonner R, Aebersold
R. Targeted data extraction of the MS/MS spectra generated by data-
independent acquisition: a new concept for consistent and accurate
proteome analysis. Mol Cell Proteomics. 2012;11(6):O111.016717.

44. Yu NY, Wagner JR, Laird MR, Melli G, Rey S, Lo R, Dao P, Sahinalp SC, Ester M,
Foster LJ, et al. PSORTb 3.0: improved protein subcellular localization prediction
with refined localization subcategories and predictive capabilities for all
prokaryotes. Bioinformatics. 2010;26(13):1608–15.

45. Krogh A, Larsson B, Von Heijne G, Sonnhammer EL. Predicting
transmembrane protein topology with a hidden Markov model: application
to complete genomes. J Mol Biol. 2001;305(3):567–80.

46. Fitch WM. Homology: a personal view on some of the problems. Trends
Genet. 2000;16(5):227–31.

47. Barrionuevo MR, Vullo DL. Bacterial swimming, swarming and chemotactic
response to heavy metal presence: which could be the influence on wastewater
biotreatment efficiency? World J Microbiol Biotechnol. 2012;28(9):2813–25.

48. Adler J, Templeton B. The effect of environmental conditions on the
motility of Escherichia coli. Microbiology. 1967;46(2):175–84.

49. Scandalios JG. Oxidative stress: molecular perception and transduction of
signals triggering antioxidant gene defenses. Brazilian journal of medical and
biological research =. Revista brasileira de pesquisas medicas e biologicas.
2005;38(7):995–1014.

50. Cabiscol Català E, Tamarit Sumalla J, Ros Salvador J. Oxidative stress in
bacteria and protein damage by reactive oxygen species. Int Microbiol.
2000;3(1):3–8 2000.

51. Yu BP. Cellular defenses against damage from reactive oxygen species.
Physiol Rev. 1994;74(1):139–62.

52. Finkel T. Reactive oxygen species and signal transduction. IUBMB Life. 2001;
52(1):3–6.

53. Halliwell B. Biochemistry of oxidative stress. Biochem Soc Trans. 2007;
35(Pt 5):1147–50.

54. Cha JS, Cooksey DA. Copper resistance in Pseudomonas syringae mediated
by periplasmic and outer membrane proteins. Proc Natl Acad Sci. 1991;
88(20):8915–9.

55. Teitzel GM, Parsek MR. Heavy metal resistance of biofilm and planktonic
Pseudomonas aeruginosa. Appl Environ Microbiol. 2003;69(4):2313–20.

56. Cha JS, Cooksey DA. Copper hypersensitivity and uptake in Pseudomonas
syringae containing cloned components of the copper resistance operon.
Appl Environ Microbiol. 1993;59(5):1671–4.

57. Choudhary S, Sar P. Real-time PCR based analysis of metal resistance genes
in metal resistant Pseudomonas aeruginosa strain J007. J Basic Microbiol.
2016;56(7):688–97.

58. Elsen S, Ragno M, Attree I. PtrA is a periplasmic protein involved in cu
tolerance in Pseudomonas aeruginosa. J Bacteriol. 2011;193(13):3376–8.

59. Ha UH, Kim J, Badrane H, Jia J, Baker HV, Wu D, Jin S. An in vivo inducible
gene of Pseudomonas aeruginosa encodes an anti-ExsA to suppress the
type III secretion system. Mol Microbiol. 2004;54(2):307–20.

60. Caille O, Rossier C, Perron K. A copper-activated two-component system
interacts with zinc and imipenem resistance in Pseudomonas aeruginosa.
J Bacteriol. 2007;189(13):4561–8.

61. Quintana J, Novoa-Aponte L, Argüello JM. Copper homeostasis networks in the
bacterium Pseudomonas aeruginosa. J Biol Chem. 2017; 292(38):15691–704.

62. Selkrig J, Mosbahi K, Webb CT, Belousoff MJ, Perry AJ, Wells TJ, Morris F,
Leyton DL, Totsika M, Phan M-D, et al. Discovery of an archetypal protein
transport system in bacterial outer membranes. Nat Struct Mol Biol. 2012;19:
506–510, S501.

63. Yu J, Li T, Dai S, Weng Y, Li J, Li Q, Xu H, Hua Y, Tian B. A tamB homolog is
involved in maintenance of cell envelope integrity and stress resistance of
Deinococcus radiodurans. Sci Rep. 2017;7:45929.

64. Stubenrauch C, Belousoff MJ, Hay ID, Shen HH, Lillington J, Tuck KL, Peters
KM, Phan MD, Lo AW, Schembri MA, et al. Effective assembly of fimbriae in
Escherichia coli depends on the translocation assembly module
nanomachine. Nat Microbiol. 2016;1(7):16064.

65. Lewenza S, Gardy JL, Brinkman FS, Hancock RE. Genome-wide identification
of Pseudomonas aeruginosa exported proteins using a consensus
computational strategy combined with a laboratory-based PhoA fusion
screen. Genome Res. 2005;15(2):321–9.

66. Wood LF, Ohman DE. Use of cell wall stress to characterize sigma 22 (AlgT/U)
activation by regulated proteolysis and its regulon in Pseudomonas
aeruginosa. Mol Microbiol. 2009;72(1):183–201.

67. Schulz S, Eckweiler D, Bielecka A, Nicolai T, Franke R, Dötsch A, Hornischer K,
Bruchmann S, Düvel J, Häussler S. Elucidation of sigma factor-associated
networks in Pseudomonas aeruginosa reveals a modular architecture with
limited and function-specific crosstalk. PLoS Pathog. 2015;11(3):e1004744.

68. Huerta-Cepas J, Szklarczyk D, Forslund K, Cook H, Heller D, Walter MC, Rattei
T, Mende DR, Sunagawa S, Kuhn M, et al. eggNOG 4.5: a hierarchical
orthology framework with improved functional annotations for eukaryotic,
prokaryotic and viral sequences. Nucleic Acids Res. 2016;44(D1):D286–93.

69. Yahashiri A, Jorgenson MA, Weiss DS. The SPOR domain, a widely conserved
peptidoglycan binding domain that targets proteins to the site of cell
division. J Bacteriol. 2017;199(14):e00118–7.

70. Arends SJR, Williams K, Scott RJ, Rolong S, Popham DL, Weiss DS. Discovery and
characterization of three new Escherichia coli septal ring proteins that contain a
SPOR domain: DamX, DedD, and RlpA. J Bacteriol. 2010;192(1):242–55.

71. Yahashiri A, Jorgenson MA, Weiss DS. Bacterial SPOR domains are recruited
to septal peptidoglycan by binding to glycan strands that lack stem
peptides. Proc Natl Acad Sci U S A. 2015;112(36):11347–52.

72. Ursinus A, van den Ent F, Brechtel S, de Pedro M, Holtje JV, Lowe J, Vollmer
W. Murein (peptidoglycan) binding property of the essential cell division
protein FtsN from Escherichia coli. J Bacteriol. 2004;186(20):6728–37.

73. Reimmann C, Patel HM, Serino L, Barone M, Walsh CT, Haas D. Essential
PchG-dependent reduction in pyochelin biosynthesis of Pseudomonas
aeruginosa. J Bacteriol. 2001;183(3):813–20.

74. Braud A, Hannauer M, Mislin GL, Schalk IJ. The Pseudomonas aeruginosa
pyochelin-iron uptake pathway and its metal specificity. J Bacteriol. 2009;
191(11):3517–25.

75. Visca P, Colotti G, Serino L, Verzili D, Orsi N, Chiancone E. Metal
regulation of siderophore synthesis in Pseudomonas aeruginosa and
functional effects of siderophore-metal complexes. Appl Environ
Microbiol. 1992;58(9):2886–93.

76. Ochsner UA, Vasil AI, Vasil ML. Role of the ferric uptake regulator of
Pseudomonas aeruginosa in the regulation of siderophores and exotoxin a
expression: purification and activity on iron-regulated promoters. J Bacteriol.
1995;177(24):7194–201.

77. Tamber S, Ochs MM, Hancock RE. Role of the novel OprD family of porins in
nutrient uptake in Pseudomonas aeruginosa. J Bacteriol. 2006;188(1):45–54.

78. Fournier D, Richardot C, Müller E, Robert-Nicoud M, Llanes C, Plésiat P,
Jeannot K. Complexity of resistance mechanisms to imipenem in intensive
care unit strains of Pseudomonas aeruginosa. J Antimicrob Chemother.
2013;68(8):1772–80.

79. Perron K, Caille O, Rossier C, Van Delden C, Dumas JL, Kohler T. CzcR-CzcS, a
two-component system involved in heavy metal and carbapenem
resistance in Pseudomonas aeruginosa. J Biol Chem. 2004;279(10):8761–8.

Wright et al. BMC Microbiology           (2019) 19:69 Page 12 of 13



80. Chevalier S, Bouffartigues E, Bodilis J, Maillot O, Lesouhaitier O, Feuilloley
MGJ, Orange N, Dufour A, Cornelis P. Structure, function and regulation of
Pseudomonas aeruginosa porins. FEMS Microbiol Rev. 2017;41(5):698–722.

81. Ganne G, Brillet K, Basta B, Roche B, Hoegy F, Gasser V, Schalk IJ. Iron release
from the Siderophore Pyoverdine in Pseudomonas aeruginosa involves three
new actors: FpvC, FpvG, and FpvH. ACS Chem Biol. 2017;12(4):1056–65.

82. Robert-Genthon M, Casabona MG, Neves D, Couté Y, Cicéron F, Elsen S,
Dessen A, Attrée I. Unique Features of a Pseudomonas aeruginosa α2-
Macroglobulin Homolog. mBio. 2013;4(4):e00309–13.

83. Cabot G, Ocampo-Sosa AA, Tubau F, Macia MD, Rodriguez C, Moya B,
Zamorano L, Suarez C, Pena C, Martinez-Martinez L, et al. Overexpression of
AmpC and efflux pumps in Pseudomonas aeruginosa isolates from
bloodstream infections: prevalence and impact on resistance in a Spanish
multicenter study. Antimicrob Agents Chemother. 2011;55(5):1906–11.

84. Berrazeg M, Jeannot K, Ntsogo Enguene VY, Broutin I, Loeffert S, Fournier D,
Plesiat P. Mutations in beta-lactamase AmpC increase resistance of
Pseudomonas aeruginosa isolates to antipseudomonal Cephalosporins.
Antimicrob Agents Chemother. 2015;59(10):6248–55.

85. Molloy M. Isolation of Bacterial Cell Membranes Proteins Using Carbonate
Extraction. In: Posch A, editor. In: 2D PAGE: Sample Preparation and
Fractionation., vol. 424: Humana Press; 2008. p. 397–401.

Wright et al. BMC Microbiology           (2019) 19:69 Page 13 of 13


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Current status of the PAO1 proteome
	P. aeruginosa protein detection using SWATH-MS
	Copper responsive proteome

	Discussion
	Novel copper responsive proteins
	Function refinement
	Virulence and pathogenesis
	Conclusion

	Methods
	Cultivation
	Growth curve
	Sample preparation
	Mass spectrometry
	IDA-MS
	SWATH-MS
	Data analysis

	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

