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Summary

In bacteria, most Cu*-ATPases confer tolerance to Cu
by driving cytoplasmic metal efflux. However, many
bacterial genomes contain several genes coding
for these enzymes suggesting alternative roles.
Pseudomonas aeruginosa has two structurally
similar Cu*-ATPases, CopA1 and CopA2. Both pro-
teins are essential for virulence. Expressed in
response to high Cu, CopA1 maintains the cellular Cu
quota and provides tolerance to this metal. CopA2
belongs to a subgroup of ATPases that are expressed
in association with cytochrome oxidase subunits.
Mutation of copA2 has no effect on Cu toxicity nor
intracellular Cu levels; but it leads to higher H,0,
sensitivity and reduced cytochrome oxidase activity.
Mutation of both genes does not exacerbate the phe-
notypes produced by single-gene mutations. CopA1
does not complement the copA2 mutant strain and
vice versa, even when promoter regions are
exchanged. CopA1 but not CopA2 complements an
Escherichia coli strain lacking the endogenous CopA.
Nevertheless, transport assays show that both
enzymes catalyse cytoplasmic Cu* efflux into the
periplasm, albeit CopA2 at a significantly lower rate.
We hypothesize that their distinct cellular functions
could be based on the intrinsic differences in trans-
port kinetic or the likely requirement of periplasmic
partner Cu-chaperone proteins specific for each
Cu*-ATPase.

Introduction

Copper is an essential micronutrient required as enzyme
co-factor in biological processes such as oxidative respi-
ration (cytochrome oxidases) and free radical protection
(Cu,Zn superoxide dismutases) (Desideri and Falconi,
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2003; Brunori et al,, 2005; Osman and Cavet, 2008).
However, excess Cu is detrimental to cells because it
produces DNA damaging free radicals (Osman and
Cavet, 2008). Cu*-ATPases are responsible for cytoplas-
mic Cu* efflux in bacterial systems. These constitute the
P1s-1 subgroup of the P-type ATPases family of transport-
ers (Arguello, 2003; Arguello et al., 2007; Lutsenko et al.,
2007). Metal efflux occurs in the presence of ATP when
cytoplasmic Cu*-chaperones deliver the ion to the two-
transmembrane Cu* transport sites (Gonzalez-Guerrero
and Arguello, 2008; Gonzalez-Guerrero etal., 2008;
2009). Following the catalytic phosphorylation of the
enzyme, Cu’ is translocated to the periplasmic or extra-
cellular milieus. After the metal is released, the enzyme
returns to the initial conformation completing the classical
E1/E2 Albers-Post cycle that describes the transport
mechanism of all P-type ATPases (Arguello et al., 2007;
Lutsenko et al., 2007).

Most archaeal and bacterial genomes encode at least
one Cu*-ATPase that is transcribed in an operon with its
Cut-chaperone, if present, and a Cu-dependent transcrip-
tional regulator (Osman and Cavet, 2008; Solioz et al.,
2010). These particular ATPases are associated with a
well-described role in cytoplasmic Cu* detoxification
(Argtello et al., 2007; Osman and Cavet, 2008; Solioz
et al., 2010). In addition, the requirement of these trans-
porters for bacterial virulence has been documented
(Francis and Thomas, 1997; Schwan et al., 2005; Zhang
and Rainey, 2007; White et al., 2009). However, extra
copies of Cu*-ATPases — up to five — are frequently
present in the genomes of pathogenic/symbiotic bacteria
(Preisig et al., 1996; Francis and Thomas, 1997; Arguello,
2003; Agranoff and Krishna, 2004; Schwan et al., 2005;
Pontel etal., 2007). Characterization of rhizobial fix/
genes (Kahn et al., 1989; Preisig et al., 1996), Rhodo-
bacter capsulatus ccol (Koch et al., 2000) and recently
Rubrivivax gelatinosus ctpA (Hassani etal., 2010) has
shown that the extra Cu*-ATPase genes are in some
cases associated with cytochrome c¢ oxidases coding
regions. Deletion of fixl, ccol or cipA leads to impaired
oxidase activity, a phenotype that is reversed by supple-
mentation of the media with Cu?* (Kahn etal., 1989;
Preisig etal., 1996; Koch etal, 2000; Hassani etal.,
2010). To explain these phenotypes, the authors pro-
posed that these particular ATPases are involved in Cu*



influx, rather than Cu* efflux. However, it is challenging to
consider molecular mechanisms compatible with alterna-
tive transport directions given the high structural homolo-
gies and the full conservation of key functional residues
among all Cu*-ATPases.

Toes et al. recently pointed out the phylogenetic prox-
imity among Fixl-like Cu*-ATPases while studying a
subset of ATPases from Shewanella and Vibrio species
(Toes et al., 2008). We extended a similar analysis to all
available bacterial genomes (180 genomes as of Decem-
ber 2009) and identified 56 sequences in a ‘Fixl/CopA2-
like Cu*-ATPases’ subgroup (Fig. 1 and Table S1). These
are present in almost 30% of the sequenced bacteria and
accounted for 17% of the sequences included in the
analysis. Interestingly, branches close to this subgroup
contain Enterococcus hirae copA, and Synechocystis
PCC6803 and Synechococcus PCC7942 ctaAs. Mutation
of these genes does not lead to increased Cu sensitivity;
on the contrary, it might result in reduced intracellular Cu
levels or increased Cu tolerance (Odermatt et al., 1993;
Phung et al., 1994; Tottey et al., 2001). These data are
consistent with these ATPases driving Cu* influx as pro-
posed for Fixl/CopA2-like proteins.

ixI/CopA2-
like ATPases

Fig. 1. Unrooted tree of Cu*-ATPases from all sequenced
bacteria. Fixl/CopA2-like sequences are listed in Table S1.
Characterized Cu*-ATPases in this subgroup are indicated in blue
(R. capsulatus Ccol, B. japonicum Fixl, S. meliloti Fixl, R.
gelatinosus CtpA, P. aeruginosa CopA2). Characterized
Cu'-ATPases involved in Cu* detoxification are indicated in orange
and listed in Table S2. E. hirae CopA, L. monocytogenes CtpA,
Synechocystic PCC6803 CtaA and Synechococcus elongatus
PCC7942 CtaA are indicated in green.

Role of Cu* transport ATPases in Pseudomonas aeruginosa 1247

Considering their evident structural similarities and
identical key functional elements, we hypothesize that the
homologous Cu*-ATPases present in a given organism
perform a similar biochemical work; i.e. they drive cyto-
plasmic Cu* efflux. However, because of different tran-
scriptional regulation, kinetic characteristics or other
factors, they play distinct cellular functions. To test these
ideas and explain phenotypical observations within the
structural and mechanistic constrains of P-type ATPases,
we studied the Cu*-ATPases present in Pseudomonas
aeruginosa PAO1. This opportunistic pathogen of plants
and animals appears to be a parsimonious model. It only
has two Cu*-ATPases, CopA1 (CueA)' (PA3920) and
CopA2 (PA1549), each representing the two referred
ATPase subtypes. Both proteins are highly homologous
(50% similarity, 35% identity). They have the same mem-
brane topology, identical transmembrane Cu* binding
sites and two cytoplasmic metal binding domains in their
N-terminus (N-MBDs). CopA1 is expressed in response to
Cu?* in the culture medium (Teitzel et al., 2006; Thaden
et al., 2010) and mutation of copAT leads to the lack of Cu
tolerance and virulence (Schwan etal., 2005; Teitzel
et al., 2006). Although CopA2 has not been characterized,
it does not appear to be expressed in response to extra-
cellular Cu?* (Teitzel et al., 2006).

Results
Cellular roles of CopA1 and CopA2

To understand the biochemical basis for the distinct roles
that homologous Cu'-ATPases play in P. aeruginosa,
phenotypes of a copA71 mutant strain were compared
with those of the copA2 mutant under identical experi-
mental conditions. This was initiated by monitoring the
response of the mutant strains to Cu?" exposure.
Figure 2A shows that, as expected, copA1 mutant strain
did not grow in the presence of high Cu®*" levels. The
wild-type phenotype was restored by reintroducing the
copA1 gene under the control of 500 bp up stream frag-
ment containing its promoter region. Consistent with
these observations, copA1 expression was activated by
the metal (Fig.2B) and the strain lacking the CopA1
function accumulated more Cu than either wild-type or
copA2 mutant strains when exposed to the metal
(Fig. 2C). These results are similar to those previously
reported for deletion of this and others classical Cu'-
ATPases associated with Cu* detoxification (Schwan
et al., 2005; Teitzel et al., 2006; Osman and Cavet, 2008;
Solioz et al., 2010). In contrast, the copA2 mutant strain

'Cu*-ATPases have previously received an array of names: CopA,
PacS, CueA, SilP, CtaA, ActP, CtpA, CtpB, CtpV, Fixl, Ccol, etc.
Following the nomenclature given to funding members of this family,
we have chosen to refer the ubiquitous Cu*-ATPase as CopA1 and
the second form as CopA2.

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 78, 1246—1258
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was not susceptible to high Cu?" concentrations and its
expression was not modified by the presence of the
metal (Fig. 2A and B). Interestingly, this strain also
showed a small but consistent decrease in intracellular
Cu level after a relatively short exposure to the metal
(Fig. 2C). Experiments testing the sensitivity of the
copA2 mutant strain to other metals showed no signifi-
cant defects (data not shown).

It has been proposed that Fixl/CopA2-like ATPases are
involved in assembly of cytochrome ¢ oxidase, a copper
requiring redox enzyme (Kahn et al., 1989; Preisig et al.,
1996; Koch et al., 2000; Hassani et al., 2010). P. aerugi-
nosa copAZ2is located downstream two sets of cytochrome
oxidase subunits coding genes (cbbs-1 and cbbs-2)
(Comolli and Donohue, 2004). The co-transcription of
these genes was verified by RT-PCRs of the intergenic
regions between contiguous open reading frames (ORFs)
(Fig. S1). Testing the role of CopA2, the response of the
mutant strains to oxidative stressors and their cellular
oxidase activity was measured. The copA2 mutant strain
did not grow in the presence of H,O,, while the copA1
mutant was insensitive to peroxide (Fig. 3A). Similar
results were observed when paraquat was included in the
culture medium (data not shown). However, neither expo-

copAl

Fig. 2. Roles of CopA1 and CopA2 in Cu
tolerance.

A. Effects of increasing concentrations of Cu?
on the growth of P. aeruginosa PAO1
(wild-type, O), PW7626 (copA1 mutant, <),
PW3788 (copA2 mutant, (1), JMAO (copAf1,
copA2 double mutant, A) and JMA111 (copAT
mutant transformed with copA1 under control
of its own promoter, ). Turbidity (ODgoo) was
determined after 16 h of growth in LB liquid
medium at 37°C.

B. Cu-dependent regulation of copA1 and
copA2 expression. Gene expression levels
were determined by gPCR on RNA extracted
from cultures grown in the presence of Cu?
and standardized to the expression levels of
proC.

C. Cu content of P. aeruginosa strains
exposed to 0.2 mM CuSOQ,. Data are the
mean * SE of three independent
experiments.

copA2

sure for 30 min to 30 mM H>O; nor overnight growth in the
presence of 400 uM paraquat induced expression of
copA1 or copA2 in the wild-type strain (data not shown).
The requirement of CopA2 for cytochrome oxidase func-
tionality was shown by the decrease in cellular oxidase
activity observed in the copA2 mutant strain (PW3788)
(Fig. 3B). On the contrary, the copA 1 mutant strain showed
amodestincrease in oxidase activity as compared with the
wild-type strain. The reduced activity in the copA2 mutant
was corrected by including 10 uM Cu?" in the growth
media. A similar reversal of this phenotype by high extra-
cellular Cu?* was previously observed for R. capsulatus
strains where the Cu*-ATPase ccol was mutated (Koch
et al., 2000). Reintroducing copA2 under the control of its
operon promoter region (500 bp downstream of PA1557,
see Fig. S1) restored the wild-type phenotype (Fig. 3).
Considering the high structural homology of CopA1 and
CopA2, and assuming that they perform the same bio-
chemical work (i.e. cytoplasmic Cu* efflux), partial redun-
dancy in the cellular functions of these proteins could be
assumed. However, the double mutant strain (JMAO,
lacking functional copA1 and copA2) behaved as the
copA1 mutant with respect to Cu* tolerance (Fig. 2A, note
similarities in the 0—1 mM Cu* range) and as the copA2

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 78, 1246—1258
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mutant when the oxidase activity was assessed (Fig. 3).
These observations suggest that the proteins cannot
compensate, even partially, for each other.

Importance of CopA1 and CopAZ2 for P. aeruginosa
virulence

It was previously reported that Cu*-ATPases responsible
for Cu* detoxification, including P. aeruginosa CopA1, play
a crucial role in bacterial virulence (Francis and Thomas,
1997; Schwan et al., 2005; Zhang and Rainey, 2007;
White et al., 2009). Considering that bacterial oxidases
with high O, affinity are likely required in the host micro-
aerobic environments (Kahn et al., 1989; Preisig et al.,
1996; Myllykallio and Liebl, 2000) and that the hypersen-
sitive response in plants produces free radicals to elimi-
nate the invading pathogenic bacteria (Levine et al., 1994;
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Fig. 4. Role of CopA1 and CopA2 in infection.

Role of Cu* transport ATPases in Pseudomonas aeruginosa 1249

Fig. 3. Roles of CopA1 and CopA2 in
oxidative stress tolerance.

A. Cell survival of P. aeruginosa PAO1 (O),
PW?7626 (copA1 mutant, <), PW3788 (copA2
mutant, [J), JMAO (copA1, copA2 double
mutant, A) and JMA222 (copA2 mutant
transformed with copA2 under its own
promoter, [ll) after treatment with 30 mM H.O,
in LB medium for various lengths of time. Cell
viability is shown as the ratio of cfu of
treated/untreated cultures.

B. TMPD oxidase activity of whole cells of P.
aeruginosa strains. Cu** (10 uM) was included
in the media when indicated. Data are the
mean *+ SE of three independent
experiments.

Jabs etal, 1997), the relevance of Fixl/CopA2-like
ATPases such as copA2for pathogenicity was explored. A
simple assay that takes advantage of P. aeruginosa capa-
bility to infect plants (Starkey and Rahme, 2009) was
used. Figure 4A shows that indeed both P. aeruginosa
Cu*-ATPases were required for host infection. Moreover,
expression of both proteins was greatly stimulated by the
host environment (Fig. 4B). Complementation with the
wild-type genes reverted the lack of virulent phenotypes.

Biochemical function of P. aeruginosa Cu'-ATPases

The observed lack of redundancy in the cellular function
of these ATPases might be associated with their different
transcriptional regulation. This possibility was previously
postulated to explain phenotypical effects of corres-
ponding mutants (Hassani etal, 2010). Testing this
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A. Growth of P. aeruginosa PAO1 (O), PW7626 (copA1 mutant, <), PW3788 (copA2 mutant, [J), JMAO (copA1, copA2 double mutant, A),
JMA111 (copA1 mutant transformed with copA7 under control of its own promoter, ) and JMA222 (copA2 mutant transformed with copA2

under its own promoter, ll) in A. thaliana leaves.

B. copA1, copA2 and PA4268 (30S ribosomal protein S12, constitutive gene) expression in A. thaliana leaves compared with bacteria grown
for 16 h in LB (free living conditions). Gene expression levels were standardized to the expression levels of proC. Data are the mean = SE of

three independent experiments.

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 78, 1246—1258
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Fig. 5. A. Cu® sensitivity of P. aeruginosa
PAO1 (O), PW7626 (copA1 mutant, <),
JMA121 (copA1 mutant transformed with
copA1 under the copA2 promoter, ) and
JMA112 (copA1 mutant transformed with
copA2 under the copA1 promoter, [J) in LB
liquid medium. Turbidity (ODgqo) was
determined after 16 h of growth at 37°C.

B. Cell survival of P. aeruginosa PAO1 (O),
PW3788 (copA2 mutant, [J), JIMA221 (copA2
mutant transformed with copA71 under the
copA2 promoter, ll) and JMA212 (copA2
mutant transformed with copA2 under the
copA1 promoter, <), after treatment with
30 mM H:O: in LB medium for the indicated
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hypothesis, the complementation of the copA1 mutant
strain (PW7626) by copA2 under the control of the copA1
promoter region (JMA112 strain) was attempted. For com-
parison, complementation of the copA7 mutant by copA1
under the control of copA2 promoter (JMA121) was
performed. Conversely, complementation of the copA2
mutant (PW3788) by copA71 under the control of the
copA2 promoter region (JMA221) and copA2 under the
control of the copA1 promoter (JMA212) was also
analysed. Figure 5A and B show the results of challenging
these strains with either high Cu?" or H,O,. Significantly,
neither protein could complement the absence of the
other independently of the driving promoter. This is, the
copA1 mutant strain JMA112 was sensitive to high Cu?,
while the JMA221 was unable to growth in the presence of
H-O.. It is also interesting that the proteins could partially
complement their respective mutants even when under
the control of the alternate promoter (JMA121 and
JMA212), suggesting that the basal expression under
these conditions was sufficient to satisfy physiological
requirements.

Escherichia coli single Cu*-ATPase, CopA, drives cyto-
plasmic Cu* efflux. Then, analysis of the capability of P,
aeruginosa ATPases to complement the AcopA E. coli
DC194 strain provided an opportunity to explore their

30

-e-—- P, aeruginosa CopAl
P, aeruginosa CopA2
- E. coli CopA

45 times. Cell viability is shown as the ratio of
cfu of treated/untreated cultures.

C. Cu* sensitivity of E. coli LMG194
(wild-type, A), DC194 (AcopA, O),
DC194-EcCopA (AcopA heterologously
expressing E. coli copA, @), DC194-CopA1
(AcopA expressing P. aeruginosa copAl, @)
and DC194-CopA2 (AcopA expressing P.
aeruginosa copA2, B) in LB liquid medium.
Turbidity (ODeoo) was determined after 16 h of
growth at 37°C. Data are the mean + SE of
three independent experiments.

D. Protein expression levels in E. coli DC194
expressing P. aeruginosa copA1, copA2 or E.
coli copA. Identical amounts of whole-cell
proteins from each strain were subject to
serial dilution, separated in SDS-PAGE and
the corresponding Western blot
immunostained with anti-His-tag antibody.
Dilution factors are indicated above the figure.

functions under a common arabinose-inducible promoter.
In this system, while copA1 complemented the lack of
endogenous enzyme, copA2 did not (Fig. 5C). A key
factor in these experiments was the relative expression of
the heterologous enzymes since a lack of complementa-
tion might have been due to low expression. Since the
three tested protein constructs had a His-tag, Western
blots with the corresponding antibody showed that both P,
aeruginosa CopA1 and CopA2 were expressed at much
higher levels than E. coli CopA under the same promoter
(Fig. 5D).

Based on phenotypes similar to those described here, it
has been suggested that Fixl/CopA2-like ATPases are
Cu* importers (Preisig et al., 1996; Koch et al., 2000;
Osman and Cavet, 2008; Hassani et al., 2010). To deter-
mine the direction of transport of CopA1 and CopA2,
sealed everted vesicles were prepared from AcopA E. coli
strains expressing these proteins and their Cu* transport
capability was measured. This system is composed of
mixed vesicle populations: an ‘inside-out’ pool where the
cytoplasmic side of the membrane faces the outside of the
vesicle; and a ‘right-side-out’ population where the peri-
plasmic side of the membrane faces outside. However,
because ATP is present in the uptake media (not inside
the vesicles) only those ATPase molecules present in

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 78, 1246—1258
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Role of Cu* transport ATPases in Pseudomonas aeruginosa 1251

Fig. 6. Cu* transport kinetics in E. coli
DC194 everted vesicles expressing P.
aeruginosa CopA1 (A), P. aeruginosa CopA2
(B) and E. coli CopA (C). Data of Cu*
transport by P. aeruginosa CopA1 were fitted
by using Ki»=152.6 = 7.9 uM and

Vimax = 63.1 = 1.5 nmol mg~" h™'. Data of Cu*
transport by P. aeruginosa CopA2 were fitted
by using Ki»=20.7 = 3.7 uM and

Vinax = 6.7 = 0.4 nmol mg~" h~'. Data of Cu*
transport by E. coli CopA were fitted by using
Kip=27.2 = 8.5 uM and

Vinax = 86.3 = 8.4 nmol mg™" h™". In all cases,
Cu' uptake by vesicles from empty vector
transformed E. coli was subtracted prior to
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inside-out vesicles are functional during the assays
(Mana-Capelli et al., 2003; Yang et al., 2007). Figure 6A
and B show that vesicles containing P. aeruginosa CopA1
or CopA2 were able to uptake Cu* in the presence of ATP,
suggesting that both enzymes drive Cu* efflux from the
cytoplasm. For comparison, Fig. 6C shows the uptake
observed in similarly prepared vesicles containing E. coli
CopA. Vanadate, a classical inhibitor of P-type ATPases,
inhibited the 8*Cu* transport by these enzymes (Table S4).
Vesicles prepared from AcopA E. coli transformed with
empty vector did not show any significant amount of ®Cu*
transport (Fig. S2). Similarly, no transport of ®Cu?" was
observed when these experiments were performed in the
absence of reducing agents (data not shown).

Figure 6 shows important differences in the transport
kinetics of these proteins, particularly the significantly
slower turnover rate and smaller Kj,, for Cu* activation of
CopA2. While these parameters might explain the
observed phenotypes (see the Discussion section), it
could still be argued that in addition to the observed small
efflux, CopA2 might drive a significant periplasmic Cu*
influx responsible for its cellular role. Although considered
unlikely, this possibility was tested. Vesicles were loaded
with Cu* in the presence of ATP during 60 min, subse-
quently washed to remove external Cu* and ATP, and
further incubated in the presence and in the absence of

200 400 600 800 1000 1200 50 100 150 200 250 300 350 400
[Cu] (uM)

[Cu] (M)

data analysis. (D) Cu*-dependent
phosphorylation of CopA1 and CopA2. These
were calculated as the difference between
phosphorylation levels in the presence and
the absence of Cu*. Data are the mean = SE
of three independent experiments.

CopA2

ATP. In these conditions, if CopA2 were a Cu* importer,
Cu' release from the inside of the vesicle (equivalent to
the periplasm) to the outside (cytoplasm) should be
detected. However, Cu* efflux from loaded vesicles was
not detected after following the reaction for up to 20 min
(Table S4). In a similar experiment, the possibility of peri-
plasmic Cu?" influx through CopA2 was tested. After Cu*
loading in the presence of ATP, vesicles were washed to
remove external Cu’, ATP and reducing agents. Cu'-
loaded vesicles were incubated (20 min) with permeable
(paraquat, diamide, H»O,) and impermeable (KMnQO,) oxi-
dizing reagents. After this treatment vesicles were
washed and Cu?* transport (from the periplasmic to the
cytoplasmic side) tested by the addition of ATP to the
media. Again, no flux was observed after monitoring the
reaction for 20 min (Table S4).

The structural coupling between ATP hydrolysis and
substrate transport is a hallmark of P-type ATPases
(Kaplan, 2002; Toyoshima and Inesi, 2004). In these, ATP
hydrolysis and enzyme phosphorylation require the
binding of the outwardly transported substrate to the cyto-
plasmic facing transmembrane sites. On the other hand,
enzyme dephosphorylation is associated with substrate
binding sites opening towards the extracellular/organellar
compartments (Kaplan, 2002). Figure 6D shows the
Cu*-dependent phosphorylation of CopA1 and CopA2,

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 78, 1246—1258
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further supporting the hypothesis that Cu* is outwardly
transported. It should be noted that both proteins are
phosphorylated even in the absence of Cu*. This
accounted for 50—60% of the total activity in the presence
of Cu*. Although unconventional, this is not unique to P.
aeruginosa Cu*-ATPases. Inesi and his collaborators
have characterized in detail a similar phenomenon in
Thermotoga maritima Cu*-ATPase (Hatori et al., 2008).

Discussion

Previous studies have shown the frequent presence of
two or more Cu'-ATPase genes in bacterial genomes
(Preisig et al., 1996; Francis and Thomas, 1997; Arguello,
2003; Agranoff and Krishna, 2004; Schwan et al., 2005;
Pontel etal, 2007; Toes etal, 2008). Bioinformatics
analysis of the bacterial Cu™-ATPases shows that as a
result of gene duplication, at least one new subfamily with
a different function has appeared, the FixI/CopA2-like
ATPases. The acquisition of copA2 probably occurred
early in bacterial evolution since it is distributed in various
bacterial phyla and within somewhat different genetic
environments. Data presented in this manuscript show
that homologous Cu*-ATPases perform their canonical
function of ftransporting cytoplasmic Cu* into the
periplasmic/extracelullar compartments, although they
might be involved in quite different cellular roles (Cu*
tolerance and cuproprotein assembly).

P. aeruginosa Cu*-ATPases are not
functionally equivalent

Transcription of copA1 was upregulated by Cu. Mutation
of this gene resulted in lower tolerance to this metal, as
well as increased cytoplasmic Cu levels. CopA1 was also
able to restore the Cu* tolerance in a AcopA E. coli strain.
These predictable observations are clearly linked to the
role of CopA1 driving cytoplasmic Cu* efflux across the
plasma membrane. On the other hand, mutation of the
homologous copA2 had no effect on P. aeruginosa Cu
sensitivity not in cytoplasmic Cu levels. Transcription of
the gene was not upregulated by the metal nor it comple-
mented AcopA E. coli. Thus, CopA2 appears irrelevant for
the control of the cytoplasmic Cu level. In fact, removal of
copA2 function in the background of the copA 1 mutant did
not exacerbate the phenotypes observed in single
mutants. copA2 was co-transcribed with cytochrome ¢
oxidase subunits, and its mutation led to a deficiency in
the activity of this cuproprotein. Therefore, CopA2 seems
involved in Cu loading during assembly of the oxidase.
Interestingly, this phenotype was reversed by increasing
extracellular Cu?*. Following the assumption that under
this condition cytoplasmic Cu* level was increased, it was
proposed that the FixI/CopA2 proteins drive influx of peri-

plasmic Cu* into the cell (Preisig et al., 1996; Koch et al.,
2000; Osman and Cavet, 2008; Hassani et al., 2010). This
indirectly implies that Cu should access the cytochrome ¢
oxidase from the cytoplasmic side. However, there is no
experimental evidence for this mechanism. Most impor-
tantly, since an increase of extracellular Cu?* would raise
both periplasmic and cytoplasmic Cu pools, it could be
argued that the described experimental data are inconclu-
sive on the direction of CopA2 transport or whether Cu is
loaded into the oxidase from the periplasmic or cytoplas-
mic compartments.

Involvement of Cu*-ATPases in virulence

Previous works have indicated that CopA1-like ATPases
are involved in infectivity (Francis and Thomas, 1997;
Schwan et al., 2005; Zhang and Rainey, 2007; White
etal., 2009). It has been recently shown that the mac-
rophage loads Cu* into the phagosome as part of its
bactericide strategies (White et al., 2009). Consequently,
a role of Cu* efflux in bacterial virulence is immediately
apparent. Our results support this mechanism and extend
it to plant systems. On the other hand, the role of CopA2
in virulence had not been explored. We observed that this
protein was also required for survival in the host environ-
ment, although this does not mean a common role for
both ATPases. CopA2 by participating in the synthesis of
cytochrome ¢ oxidases would be probably involved in
obtaining energy in the relatively micro-anaerobic host
tissues and overcoming the oxidative stress. An oxidative
burst is a well-described response to pathogens (Shep-
herd, 1986; Torres et al., 2006).

The different physiological roles of Cu*-ATPases are not
due to transcriptional control

It has been reasonably argued that the distinct physiologi-
cal roles of Cu*-ATPases might be the result of a different
gene regulation (Hassani etal., 2010). This possibility
was tested by exchanging promoter regions, i.e. copA1
regulated by copA2 promoter and vice versa, in mutant
strain complementation experiments. In these, CopA1 did
not complement the copA2 mutant, nor did CopA2 restore
the copA1 phenotype. This indicates that although the
genes are transcriptionally regulated, their functional roles
cannot be interchanged and these are determined by
structural/functional characteristics intrinsic to each of
these proteins. Nevertheless, it might be hypothesized
that if expression levels were sufficiently increased,
complementation by the non-mutated gene could perhaps
be achieved. The experiments performed on a AcopA E.
coli strain, in which both copA1 and copA2 are expressed
at high levels under an arabinose-inducible promoter,
suggest that this is not the case. Even though CopA2 was

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 78, 1246—1258



produced at much higher levels than E. coli CopA, this
was not enough to even partially restore the wild-type
tolerance to Cu.

Both Cu*-ATPases drive cytoplasmic Cu* efflux

To explain the phenotypes resulting from mutating FixI/
CopA2-like ATPases, it has been postulated that these
ATPases are Cu* importers (Preisig et al., 1996; Koch
et al., 2000; Osman and Cavet, 2008; Hassani etal.,
2010). If this were the case, the influx of periplasmic Cu*
would be coupled to the hydrolysis of cytoplasmic ATP.
Contrary to this, everted vesicles containing either CopA1
or CopA2 were loaded with Cu* when both ATP and Cu*
were present in the assay media, i.e. the cytoplasmic side
of the membranes. These observations are supported by
a number of control experiments confirming the identity of
the transporter (either P-type ATPase), the transported
substrate (Cu*) and the direction of transport (cytoplasmic
Cu* efflux). Further supporting a similar transport mecha-
nism and direction, the phosphorylation of CopA1 and
CopA2 by ATP was stimulated by Cu*. Classical studies of
P-type ATPases, such us the Na,K-ATPase, Ca-ATPase
or H,K-ATPase, have shown that the outwardly trans-
ported substrates stimulate enzyme phosphorylation by
binding to the inwardly facing transmembrane binding
sites (Kaplan, 2002; Toyoshima and Inesi, 2004; Arguello
et al., 2007). Alternatively, for instance in the Na,K- and
H,K-ATPases, inwardly transported substrates inhibit
phosphorylation by ATP (Kaplan, 2002).

While both CopA1 and CopA2 carried Cu* from the
cytosol to the periplasm, they did this with distinct kinetic
characteristics. These might explain the different physi-
ological roles of these pumps. CopA1 has a lower appar-
ent affinity but a much faster transport rate than CopA2.
Then, it could be proposed that CopA2 cannot compen-
sate for the high transport rate of Cu* detoxifying ATPases
(CopAT1 or E. coli CopA) and therefore it is incapable to
function in this role. Similarly, a role in cuproproteins bio-
synthesis might not require a high rate of transport but
rather a high affinity for the substrate that ensures its
supply to the target protein. However, in this analysis we
must keep in mind that contrary to the transport experi-
ment conditions, under physiological conditions Cu*
accesses the transport sites bound to its corresponding
chaperone (Gonzalez-Guerrero and Arguello, 2008).
Then, the observed Cu* Ki,» might not accurately repre-
sent the CopA1 and CopA2 relative affinities for Cu*.

Although the kinetic characteristics might be a key
element in the cellular roles of these enzymes, some of
the observed results hint at the presence of additional
component/s in these systems. Consider for instance that
while the increase of Cu* in the media could compensate
for the lack of functional CopA2, expression of CopA1
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under the copA2 promoter region did not. Although cyto-
plasmic Cu* transfer to Cu*-ATPases is relatively well
understood, very little is known on how Cu* is released to
the periplasm/exterior of the cell. Since Cu* chaperones
exist in the periplasm, it could be hypothesized that the
Cu*-ATPases specifically interact and transfer Cu* to
these proteins rather than simply releasing the metal into
the compartment. Then, it is tempting to speculate that the
accepting periplasmic chaperone would be different for
either CopA1 or CopA2. For instance, a key role of peri-
plasmic Cu* binding proteins, SenC/SCO1 and Cox11, in
synthesis of bacterial cytochrome oxidases has already
been postulated (Frangipani and Haas, 2009; Thompson
et al., 2010). It is interesting to note that the senC deletion
mutant showed similar decrease in cell cytochrome
oxidase activity as copA2 mutant and that in both cases
activities could be rescued by adding Cu to the growth
media.

In summary, our results show that Fixl/CopA2-like pro-
teins constitute a distinct subgroup of Cu*-ATPases. As
previously characterized Cu'-ATPases, they drive the
efflux of cytoplasmic Cu*. However, they present distinct
kinetic characteristics in tone with their specific function in
cuproprotein assembly.

Experimental procedures
Bacterial strains and growth conditions

Pseudomonas aeruginosa PAO1 wild-type strain, PW7626
(PA3920/copA1 insertional mutant) and PW3788 (PA1549/
copA2 insertional mutant) were obtained from the Compre-
hensive P. aeruginosa Transposon Mutant Library at the
University of Washington Genome Center (Jacobs et al.,
2003) (Table 1). The E. coli strains CC118 (Apir) (pPTNS1) and
HB101 (pRK2013) were provided by H.P. Schweizer (Colo-
rado State University) (Choi and Schweizer, 2006). LMG194
and DC194 (LMG194 AcopA) were a gift of B.P. Rosen
(Florida International University) (Rensing etal., 2000).
Double mutant strain JMAO was generated from parental
strain P. aeruginosa PW7626. An internal fragment corre-
sponding to 600 bp of the gene PA1549 was cloned into
pCHESIQKm, between Kpnl and Xbal sites (Llamas et al.,
2003). Subsequently, this plasmid was mobilized from E. coli
DH5a cells into P. aeruginosa PW7626 by triparental conju-
gation using E. coli HB101 (pRK2013) strain as helper.
Transconjugants were selected on selective Luria—Bertani
(LB) agar plates. JMA111-JMA222 strains were obtained by
cloning 500 bp of the promoter region regulating either copA1
or copA2 with the ORF of either copA1 or copA2 in the
Hindlll-Spel sites of pUC18T-miniTn7T-Gm (Choi and Sch-
weizer, 2006). Since copAZ2 is part of a polycistronic operon,
the promoter region was first identified by successive
RT-PCRs of the intergenic regions between contiguous ORFs
(Fig S1). The megaprimer-PCR method was employed to
obtain the fusion of copA2 with its promoter, as well as, its
fusion with the copA7 promoter (Maniatis et al., 1989). The
primers used in this and other procedures are listed in
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Table 1. Strains used in this study.

Relevant characteristics

Reference

P. aeruginosa strains

PAO1 Wild-type

PW3788 ISphoA insertion in copA2 (PA1549) Jacobs et al. (2003)

PW7626 ISphoA insertion in copA1 (PA3920) Jacobs et al. (2003)

JMAO ISphoA insertion in copA1, copA2::pCHESIQ-Km This study

JMA1112 PW7626::mini-Tn7T-Peopar-COPAT® This study

JMA222 PW3788::mini-Tn7T-Peopaz-COPA2 This study

JMA121 PW7626::mini-Tn7T-Peopaz-COpAT This study

JMA112 PW?7626::mini-Tn7T-Peopar-COPA2 This study

JMA221 PW3788::mini-Tn7T-Peopaz-COPAT This study

JMA212 PW3788::mini-Tn7T-Pcopas-COPA2 This study

E. coli strains

CC118(Apir) Helper strain for P. aeruginosa transformation Choi and Schweizer (2006)

HB101 Helper strain for P. aeruginosa transformation Choi and Schweizer (2006)

DH5a SUpE44 AlacU169 (¢80 lacZ AM15) hsdR17 recA1 endA1 gyrA96 Invitrogen, Carlsbad, CA, USA
thi-1 relA1

LMG194 Wild-type Invitrogen, Carlsbad, CA, USA

DC194 LMG194 AcopA Rensing et al. (2000)

DC194-EcCopA
DC194-CopAt
DC194-CopA2

LMG194 AcopA transformed with pBAD-E. coli copA
LMG194 AcopA transformed with pBAD-P. aeruginosa copA1
LMG194 AcopA transformed with pBAD-P. aeruginosa copA2

This study
This study
This study

a. In this nomenclature the first digit correspond to the mutated gene (CopA1 or CopA2), the second to the promoter driving expression (Poopar 2and
Poopaz oOf the introduced gene, and the third numeral to the Cu*-ATPase gene introduced into the original mutant strain.

Table S3. The resulting vectors were inserted in the genome
of P. aeruginosa by tetraparental mating conjugation method
as described (Choi and Schweizer, 2006). All constructs and
mutants were confirmed by sequencing. Cells were grown at
37°C in LB medium, supplemented with irgasan (25 ug ml™),
tetracycline (60 ug ml™'), gentamicin (30 ug mi™') or kanamy-
cin (35-50 pug ml™) as required.

Heterologous expression of P. aeruginosa Cu*-ATPases
in E. coli DC194

copA1 and copA2 cDNAs were obtained by PCR of P. aerugi-
nosa genomic DNA. E. coli copA cDNA was also obtained in
a similar manner. Amplicons were cloned into the pBAD-
TOPO/His vector (Invitrogen, Carlsbad, CA, USA). DNA
sequences were confirmed by automated sequencing.
DC194 cells transformed with these constructs were grown at
37°C in ZYP-505 media supplemented with 0.05% arabinose,
100 ug ml~" ampicillin, 50 pg ml~' kanamycin (Studier, 2005).
Cells were harvested at 24 h post inoculation, washed with
25 mM Tris, pH 7.0, 100 mM KCI and stored at —70°C.

Bioinformatics analyses

Cu*-ATPase protein sequences present in most bacterial
genomes were obtained from the TransportDB (http://www.
membranetransport.org) (Ren etal, 2007). Additional
sequences were retrieved by BLAST searches at the Compre-
hensive Microbial Resource (http://cmr.jcvi.org/tigr-scripts/
CMR/CmrHomePage.cgi). The identity of these Cu*-ATPases
was confirmed by the conserved membrane topology and the
presence the signature amino acids: CPC motif in helix 6, YN
in helix 7 and MXXS in helix 8 (Gonzalez-Guerrero et al.,
2008). Transmembrane segments were determined by topol-

ogy modelling using SOSUI (Hirokawa et al., 1998) and Top-
Pred2 (von Heijne, 1992). Sequences were aligned using
ClustalW2 (Thompson et al., 1994) and cladogram visualized
with TreeView (Page, 1996).

Metal sensitivity tests

The LB liquid cultures were inoculated at ODego Of 0.1 from
overnight cultures and supplemented with the desired CuSO,
concentration as indicated in the figures. Cells were grown
16 h and ODsy was measured.

H,0O:- sensitivity test

The LB liquid cultures were inoculated at ODggo of 0.1 from
overnight cultures. When an ODeq value of 0.6 was reached,
cultures were split, a half was supplemented with 30 mM
H,O, and the other left unamended. Cells were counted at 0,
15, 30 and 45 min after adding H,O,. Survival rate was esti-
mated as the ratio of number of cells in the presence and the
absence H,0..

Infectivity assay

Arabidopsis thaliana ecotype Columbia was infected with P.
aeruginosa as described by Starkey and Rahme (2009).
Briefly, 3-week-old plants were inoculated by leaf infiltration
with approximately 2 x 10° colony-forming units (cfu) per mil-
lilitre (ODggo 0.002). Two leaf discs were taken from each
infected plant at 0, 2, 3 and 5 days post infection and homog-
enized in 10 mM MgSO,. Serial dilutions of this homogenate
were plated in selected media and cfu were counted after
16 h growth at 37°C. Four plants were infected per each
bacterial strain.
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Gene expression determinations

P. aeruginosa PAO1 wild-type cells from 5 ml LB liquid cul-
tures (supplemented with 2 mM CuSO,, 30 MM H,O, or
0.4 mM paraquat) were harvested. RNA was stabilized with
RNA Protect Bacteria reagent (Qiagen, Valencia, CA, USA)
and isolated with RNeasy Minikit (Qiagen). In the case of
RNA extraction from infected Arabidopsis, 3 days post infec-
tion total RNA was extracted from two leaves of each of four
independently infected plants using plant RNA purification
reagent (Invitrogen).

Gene expression was studied by quantitative real-time
RT-PCR (iCycler iQ, Bio-Rad, Hercules, CA, USA). The
primers used are indicated in Table S1. cDNAs was obtained
with SuperScript Ill Reverse Transcriptase (Invitrogen) fol-
lowing the manufacturer’s instructions. gPCR reactions were
carried out with iQ SYBR Green Supermix (Bio-Rad) in 25 pl
final volume. The gPCR program consisted of a 5 min incu-
bation at 95°C, followed by 35 cycles of 30 s at 95°C, 45 s at
60°C and 45 s at 72°C. The specificity of the PCR amplifica-
tion was verified with a heat dissociation protocol (from 70°C
to 100°C) after the final cycle of the PCR. The efficiency of
primer sets was evaluated by performing real-time PCR on
dilutions of cDNA. The results were normalized to the
pyrroline-5-carboxylate reductase (proC) rRNA levels (Savli
et al., 2003). As an additional control, the expression of the
invariant 30S ribosomal protein S12 (PA4268) was
monitored. RT-PCR determinations were carried out with
RNA extracted from three independent biological samples,
with the threshold cycle (C; determined in triplicate. The
relative levels of transcription were calculated by using the
27 method (Livak and Schmittgen, 2001). A different primer
set (Table S1) was used to avoid cross-hybridization with
Arabidopsis genes in qPCR of cDNA obtained from
Arabidopsis-infecting P. aeruginosa. In all experiments, a
control sample not treated with reverse transcriptase was
included to detect possible DNA contamination.

Cytochrome oxidase activity measurement

Determination of cytochrome oxidase activity in whole cells
was performed as described (Frangipani and Haas, 2009) with
the following modifications. Cells were grown for 16 h at 37°C
in LB media, 60 ug ml™' tetracycline, 30 ug mi~" gentamicin.
CuSO, (10 uM) was added when indicated. Cells were har-
vested, washed twice with 0.9% NaCl solution and resus-
pended at ODggo ~1 in 1.4 ml 50 mM HEPES, 200 mM NacCl,
pH 7.0. The reaction was initiated by adding 5 ul 0.54 M
N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) and cyto-
chrome oxidase activity was monitored at 520 nm.

Membrane and everted vesicles preparations

Membranes from E. coli cells expressing each of the studied
Cu'-ATPases were prepared as described (Mandal et al.,
2002). Membranes were resuspended in 25 mM Tris-HCI, pH
7.0, 100 mM sucrose at a protein concentration of
10—-15 mg protein mI™" and stored at —70°C. Sealed everted
vesicles were prepared as described by Yang et al. (2007).
Vesicles were resuspended in 50 mM MOPS, pH 7.0,
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250 mM sucrose, 200 mM KCI and 10 mM MgSO,, and
stored at 4°C. Protein was measured in accordance to Brad-
ford (Bradford, 1976). Heterologous proteins were detected
by electroblotting SDS-PAGE Tris-glycine gels onto nitrocel-
lulose membranes and immunostaining with primary rabbit
anti-His-tag antibody and secondary goat anti-rabbit 1gG
horseradish peroxidase conjugated antibody (GenScript, Pis-
cataway, NJ, USA).

Cu' transport assays

Cu* transport into the everted vesicles was measured using
#Cu (Mallinckrodt Institute of Radiology, Washington Uni-
versity Medical School). Vesicles (1 mg protein mI™') were
assayed in uptake media containing 50 mM MOPS, pH 7.3,
3 mM MgCl,, 400 mM NaCl, 20 mM cysteine, 2.5 mM DTT
and 1-1000 uM [**Cu]CuSOQ, at 37°C as described (Mana-
Capelli et al., 2003). Tubes were pre-incubated at 37°C for
1 min and the reactions were started by addition of 3 mM
ATP. After 10 min (P. aeruginosa CopA1 and E. coli CopA)
and 20 min (P. aeruginosa CopA2) incubation, aliquots were
filtered onto 0.2 um nitrocellulose filters. Filters were then
washed with ice-cold 25 mM Tris-HCI, pH 7.0, 200 mM KCl,
250 mM sucrose, 0.1 mM CuSO, and radioactivity was
measured in a scintillation counter. Cu uptake was esti-
mated as the difference between values obtained in pres-
ence and absence of ATP. In addition, for each condition,
control experiments were run in parallel with everted mem-
brane vesicles made from E. coli DC194 cells transformed
with the empty vector (Fig. S2). These values were dis-
counted accordingly. However, error values were added in
all cases.

The specific inhibitor vanadate (1.5 mM) was added to
the uptake media in order to confirm P-ATPase-dependent
Cu uptake activity. Cu®** uptake was evaluated assaying
vesicles in conditions where DTT and cysteine were absent
in the uptake media. Cu efflux from everted membranes
was measured by Cu* loading of the vesicles in a media
containing 50 mM MOPS, pH 7.3, 3mM MgCl,, 400 mM
NaCl, 3 mM ATP, 2.5 mM DTT, 20 mM cysteine and 100 uM
[¢*Cu]CuSQ,. DTT and cysteine were replaced by 10 mM
ascorbic in experiments designed to test Cu?* efflux. After
1 h incubation at room temperature vesicles were washed
by dilution in media containing 50 mM MOPS, pH 7.3, 3 mM
MgCl,, 400 mM NaCl, 100 uM CuSO, and centrifugation for
15 min at 100 000 g. After two washes where CuSO, was
excluded from the media, vesicles were resuspended in
50 mM MOPS, pH 7.3, 3 mM MgCl,, 400 mM NaCl. Aliquot
was filtered through a 0.22 um nitrocellulose filter, washed
as described above, and %Cu radioactivity measured. To
reduce or oxidize the Cu loaded into the vesicles, the
Cu-loaded vesicles preparations were pre-incubated for
20 min at room temperature in presence of 2.5 mM DTT
(reducing agent), 0.5mM H,O, 1mM diamide, 1 mM
paraquat or 10 mM KMnO, (oxidizing agents). After this
period, aliquots were filtered, washed, and ®Cu radioactivity
measured as described. ATP-driven Cu efflux from the
treated vesicles was then initiated by adding 3 mM ATP.
After 20 min of incubation at 37°C in the presence of ATP,
the reaction was stopped by filtration and radioactivity mea-
sured as indicated above.
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Phosphorylation assays

Previous to these assays, membranes were incubated with
1 mM bathocuproinedisulphonic acid (BCS) for 10 min at20°C
and then collected by centrifugation at 20 000 g. This step was
repeated twice and membranes were resuspended in phos-
phorylation buffer without BCS. Enzyme phosphorylation with
ATP was carried out in a medium containing 50 mM Tris, pH
6.0, 1 mM MgCl,, 25 uM [y-32P]-ATP, 0.5 mM EDTA, 20 mM
cysteine, 0.01% asolectin, 0.01% dodecyl maltoside, 50 mM
NaCl, 20% DMSQO, 1 mg mI-" membrane protein, 2.5 mM DTT
and either 100 uM Cu»SO, or 1 mM BCS as indicated. Reac-
tions were initiated by the addition of [y-*2P]-ATP and stopped
after 20 s incubation at 37°C with five volumes of ice-cold
1 mM P;in 10% trichloroacetic acid. Samples were centrifuged
at 14 000 g for 10 min, resuspended in acidic SDS-PAGE
loading buffer and resolved by SDS-PAGE in an 8% acidic gel
(Sarkadi et al., 1986). Gels were dried and radioactivity was
monitored in a phosphoimager. In alternative experiments,
samples were filtered through nitrocellulose 0.45 um filters
(Millipore, Billerica, MA, USA), washed five times with acid
stopping solution, and radioactivity was measured in a scintil-
lation counter. Cu*-dependent phosphorylation was calculated
as the difference between values obtained in the presence
(100 uM Cu') or the absence (1 mM BCS) of Cu*. Error values
were added in all cases.

Copper accumulation in P. aeruginosa cells

Thirty millilitres of liquid LB cultures of wild-type and mutant
strains in late exponential phase was supplemented with
0.2 mM CuSO, and incubated for 1 h. After this incubation,
ODgyo Was determined, cells were harvested, and washed
with 0.9% NaCl. Pellets were acid digested with 1.25 ml
NO;H (trace metal grade) for 1 h at 80°C and then overnight
at 20°C. Digestions were concluded after addition of 0.25 ml
of 30% H.0, and dilution to 10 ml with water. Copper content
in digested samples was measured by atomic absorption
spectroscopy (AAnalyst 300; Perkin-Elmer, Foster City, CA,
USA).
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