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The copA gene product, a putative copper-translocating P-type
ATPase, has been shown to be involved in copper resistance in
Escherichia coli. The copA gene was disrupted by insertion of a
kanamycin gene through homologous recombination. The mutant
strain was more sensitive to copper salts but not to salts of other
metals, suggesting a role in copper homeostasis. The copper-
sensitive phenotype could be rescued by complementation by a
plasmid carrying copA from E. coli or copB from Enterococcus hirae.
Expression of copA was induced by salts of copper or silver but not
zinc or cobalt. Everted membrane vesicles from cells expressing
copA exhibited ATP-coupled accumulation of copper, presumably
as Cu(l). The results indicate that CopA is a Cu(l)-translocating
efflux pump that is similar to the copper pumps related to Menkes
and Wilson diseases and provides a useful prokaryotic model for
these human diseases.

soft metal resistance | Menkes | Wilson disease

Copper is an essential trace element that is required for a
number of enzymes, including cytochrome oxidase, super-
oxide dismutase, and lysyl oxidase (1). While trace amounts of
copper are needed to sustain life, excess copper is extremely
toxic. It is likely that most, if not all, cells have mechanisms for
copper homeostasis. In eukaryotes, copper is taken into the cell
by specific uptake systems and transferred to cytosolic chaper-
one proteins that deliver copper-requiring enzymes, with little
free cytosolic copper ion (2). To maintain low intracellular
concentrations of copper, specific pumps remove excess copper
ion from the cytosol, either by accumulation into organelles or
extrusion out of the cell (1).

P-type ATPases form a large family of cation-transporting
pumps. These ubiquitous membrane proteins have been classi-
fied into five groups according to substrate specificity (3). The
best-characterized group transports the ions of hard Lewis acids
and can be further subdivided into monovalent ion pumps for
ions such as K*, Na*, and H*, and divalent ion pumps for ions
such as Ca?" and Mg?*. A second subfamily of metal-
transporting P-type ATPases is involved in homeostasis of the
ions of soft Lewis acids, and genes for these soft metal P-type
ATPases have been found in archaea, prokaryotes and eu-
karyotes, including humans (1, 4, 5). The soft metal-transporting
P-type ATPases can be further divided into two subgroups. The
first has monovalent soft metal ions as substrates and includes
Cu(I)- and Ag(I)-transporting pumps, such as the human Men-
kes (6) and Wilson (7) disease-related proteins and homologues
from Saccharomyces cerevisiae (8), Enterococcus hirae (9), Syn-
echococcus (10), and Helicobacter pylori (11, 12). Members of the
other subgroup of soft metal P-type ATPases transport divalent
soft metal ions, including Zn(II), Cd(II), and Pb(II). These
include ZntA from Escherichia coli and CadA from Staphylo-
coccus aureus plasmid pI258 (5). Recently, a related gene
conferring Co(II) resistance was identified in Synechocystis PCC
6803 (13).

Only two genes encoding soft metal-translocating P-type
ATPases have been identified in the E. coli chromosome (14).
One is zntA, which codes for the Zn(II)-, Cd(II)-, and Pb(II)-
translocating ATPase (15-17). The other, designated f834, is
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more closely related to copper pumps such as the Menkes and
Wilson disease proteins. In this study, we demonstrate that this
gene encodes a copper-translocating P-type ATPase, and we
have therefore named the gene copA and the gene product
CopA. Disruption of copA resulted in sensitivity to copper salts
in E. coli. The copA-disrupted strain was not sensitive to Zn(II),
Cd(II), or Pb(II), and a zntA-disrupted strain was not sensitive
to Cu(II). A strain with both copA and zntA disrupted was no
more sensitive to metal ions than the individual disruptions.
Thus, the two soft metal P-type ATPases have nonoverlapping
specificities. From its native promoter, expression of cop4 was
induced by addition of copper or silver salts to the medium and
was repressed by chelation of metals with 2-hydroxyquinoline.
Everted membrane vesicles from cells expressing copA accumu-
lated radioisotopic copper ion. Copper accumulation required
ATP and was inhibited by sodium vanadate. No transport was
observed without the reductant DTT, consistent with Cu(I) as
the probable substrate of the pump.

Materials and Methods

Growth of Cells. Cells were grown in LB medium (18) at 37°C.
Ampicillin (50 pg/ml), kanamycin (50 wg/ml), chlorampheni-
col (30 pg/ml), isopropyl-B-D-thiogalactopyranoside (0.1 mM),
and 5-bromo-4-chloro-3-indolyl-B-D-galactosidase (80 wg/ml)
were added as required. To assay inhibition of growth by metal
salts, cells were grown overnight in LB, diluted 1:100 in the same
medium with the indicated metal salts, and incubated for 6 h with
CuSOy at 37°C with shaking. Growth was monitored from the
absorbance at 600 nm.

Strain Construction and Plasmids. Standard molecular and genetic
techniques were used for strain and plasmid construction (18).
Plasmid pCopA was constructed by PCR amplification of copA
starting 106 base pairs upstream of the putative start codon and
ending 369 base pairs downstream. The forward and reverse
primers used for PCR were 5'-CTTTACGGACTTTTAC-
CCGCC-3' and 5-GCGGCGGCCGCCTTTGGGAAGTT-
GAAAAC-3', respectively. The PCR product was cloned into
plasmid pGEM-T (Promega), creating plasmid pCopA. Plasmid
pCopA was then digested with BstEI, which cuts at a unique site
within copA, and the ends were made blunt by using the Klenow
fragment of E. coli DNA polymerase I. The kanamycin resis-
tance gene from plasmid pUC4K (Amersham Pharmacia) was
excised as an EcoRI fragment, and the ends were also made
blunt. This gene was ligated with BsfEl-digested pCopA, gen-
erating pCopAl. Plasmid pCopAl was linearized by using SstI
and Ncol, and the linear DNA was transformed into the recD
strain JCB499 (19). Homologous recombination of the kanamy-
cin resistance gene into the chromosomal copA gene was con-
firmed by using the above primers. The copA-disrupted gene was
transferred to strain W3110 (20) by generalized transduction
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with P1 bacteriophage, with selection for kanamycin resistance,
creating strain DW3110. The same procedure was used to disrupt
copA in E. coli LMG194 (Invitrogen), creating LMG194 AcopA.

Plasmid pCopAZ2, in which copA was controlled by the arab-
inose promoter, was created by PCR amplification of copA by
using forward and reverse primers 5'-TGTTCCATGGCA-
CAAACTATCGACCTG-3" and 5-TACAAGCTTTTCCT-
TCGGTTTAAACCGCAG-3'. The PCR product was digested
with Ncol and HindIII and cloned into Ncol-HindIII-digested
pBAD/Myc-HisA (Invitrogen). In pCopA2, copA is in-frame
with the sequence for the Myc epitope and six histidine codons.
To construct a copA gene without the Myc—His fusion for use in
antibody production, copA was amplified by PCR with forward
and reverse primers 5'-TGTTCCATGGCACAAACTATC-
GACCTG-3" and 5'-TTGAATTCGCATCCGCAATGATG-
TACTTATTC-3". The PCR product was digested with Ncol and
EcoRI and cloned into Ncol-EcoRI-digested pBAD /Myc-HisC
(Invitrogen), creating plasmid pCopA3.

Preparation of Everted Membrane Vesicles. Cells were grown over-
night at 37°C in 20 ml of LB, diluted 100-fold into prewarmed
medium, and allowed to grow to an optical density of 0.8 at 600
nm. For induction studies, cultures of strains W3110 or DW3110
were induced with the indicated concentrations of CuSOy4 or
other metal salts for 2 h. For transport experiments, cultures of
strain LMG194AcopA bearing plasmid pCopA2 were induced
with 0.0002% arabinose for 2 h at 30°C. Everted membrane
vesicles were prepared as described previously (16), except the
cells were lysed at 16,000 psi (1 psi = 6.89 kPa). The membrane
vesicles were suspended in a buffer consisting of 10 mM Tris-HCl
(pH 7.5), containing 0.25 M sucrose and 0.2 M KCl and stored
at —70°C until use. Protein concentration was determined by
using a bicinchoninic acid method (21).

PAGE and Immunoblotting. Samples were prepared by incubation
in SDS sample buffer for 30 min at room temperature and
separated by SDS/PAGE (22). To prepare CopA for antibody
production, LMG194 pCopA3 was grown to an optical density
of 0.8 at 600 nm and induced with 0.02% arabinose for 2 h.
Then, everted membrane vesicles were prepared. Membrane
protein was separated by SDS/PAGE, the CopA band was
excised, and antiserum was produced commercially (Cocalico
Biologicals, Reamstown, PA). Immunoblotting was performed
by using an enhanced chemiluminescence assay (Du-
Pont/NEN) and exposed on x-ray film at room temperature as
described previously (23).

64Cu Transport Assays. “*Cu was obtained from the Mallinckrodt
Institute of Radiology, Washington University Medical Center
(St. Louis, MO). Transport assays were performed at room
temperature by a modification of the method of Camakaris et al.
(4). Unless otherwise noted, the reaction mixture (1 ml) con-
tained 40 mM histidine (pH 6.8), 0.2 M KCl, 0.25 M sucrose, 1
mM DTT, 0.5 mg of membrane protein, 10 uM %CuCl, (0.5-10
nCi/ml), and, where noted, 5 mM Na,ATP or Na,ADP. The
reaction was initiated by addition of 5 mM MgCl,. At intervals,
0.1-ml samples were withdrawn and filtered through nitrocellu-
lose filters (0.22-um pore size; Whatman). The filters were
presoaked in a buffer consisting of 40 mM histidine (pH 6.8), 0.2
M KCI, 0.25 M sucrose, 10 mM MgSO,, and 20 mM CuCls.
Following filtration, the filters were washed with 5 ml of the same
buffer and dried, and the radioactivity was quantified in a liquid
scintillation counter. The values obtained with the assay mixture
without membrane vesicles were subtracted from all points.

Results

Disruption of copA Produces Sensitivity to Copper lon. ORF f834
potentially encodes an 834-residue P-type ATPase that is highly
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Fig. 1. Model of the CopA P-type ATPase. CopA is a P-type ATPase that
pumps Cu(l) from the cytosol to the periplasm. From the predicted structure of
homologous copper pumps (1, 4), CopA can be predicted to have an N-
terminal region with two cytosolic CXXC metal binding domains (MBD1 and
MBD2) and eight transmembrane segments (TM). Connecting TM4 and TM5 is
the conserved phosphatase domain. TM6 is predicted to be part of the
translocation domain and has the consensus CPC sequence. Connecting TM6
and TM7 are the phosphorylation and ATP binding domains and a conserved
sequence found only in soft metal P-type ATPases. Two sets of conserved
primary sequences are shown: on the left is CopA, and on the right is the
corresponding sequence from the Menkes protein. (Modified from ref. 4.)

similar to copper pumps such as the human Menkes disease
proteins (4) (Fig. 1). Since, as shown below, disruption of f834
results in copper ion sensitivity, we have renamed the gene copA
and the gene product CopA. In common with other P-type
ATPases, CopA has conserved ATP binding (GDGIN), phos-
phorylation (DKTGT), and phosphatase (TGE) domains. The
soft metal P-type ATPases have additional regions that distin-
guish them from the hard metal pumps. These include N-
terminal CXXC motifs that are probable metal binding domains.
While the human copper pumps have six N-terminal CXXC
sequences, the E. coli CopA has two, G;;LSCGHC and
G107MSCASC. In contrast, homologues from E. hirae and H.
pylorii have only a single N-terminal CXXC sequence. The soft
metal pumps have a membrane-embedded CPC(H) sequence.
From hydropathy analysis, E. coli CopA can be predicted to have
eight transmembrane segments, including C479PC in predicted
transmembrane helix 6. There is a conserved HP motif in the soft
metal P-type ATPases that corresponds to Hse,P in CopA.
The effect of CuSOy4 on the growth in liquid LB medium of
the E. coli copA disruptions LMG194AcopA was compared
with strain E. coli LMG194 (Fig. 2). The disrupted strain
exhibited decreased resistance that could be complemented by
introduction of plasmid pCopA2. Although copA is controlled
by the arabinose promoter in pCopA2, complementation did
not require addition of arabinose, suggesting that sufficient
CopA was produced even in the absence of inducer. Copper
ion sensitivity was observed with strain DW3110, and the
sensitive phenotype was complemented by plasmid pY163,
which carries the E. hirae copB gene (data not shown).
However, the copA-disrupted strain was still relatively resis-
tant to copper salts, suggesting that other genes contribute to
intrinsic copper tolerance in E. coli (24). Disruption of copA
did not result in a significant increase in sensitivity to Ag(I).
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Fig.2. CopA confers copper resistance. Copper ion resistance was assayed as
described in Materials and Methods for strain LMG194 (wild type) (@),
LMG194AcopA (copA:Kn) (O), or LMG194AcopA pCopA2 (copA) (V).

A related protein from Salmonella typhimurium, SilP, confers
resistance to silver but not copper ions (25).

CopA and ZntA Do Not Have Overlapping Specificities. £. coli has
only two soft metal P-type ATPases, ZntA for Zn(II), Cd(II), and
Pb(II) resistance and CopA for resistance to copper salts. To
examine whether the two pumps have overlapping specificity, a
double disruption of both genes was constructed. The zntA4::Cm
disruption from E. coli STB101 (15) was transferred into W3110
by generalized transduction by using P1 phage, with selection for
resistance to chloramphenicol, producing strain Z3110. Gener-
alized transduction using P1 was also used to introduce the
copA::Kn disruption from strain DW3110 into strain Z3110,
generating the double disrupted strain DZ3110 (zntA::Cm
copA::Kn). The double disrupted strain DZ3110 was no more
sensitive to Cu(II) than was DW3110, with only a copA disrup-
tion. Similarly, the double disrupted strain was no more sensitive
to Zn(IT) or Cd(IT) than was Z3110, with only a zntA disruption
(data not shown). Thus, the observed Zn(II) and Cd(II) sensi-
tivities can be attributed solely to disruption of zntA, and the
Cu(Il) sensitivity is due solely to disruption of copA. Since
expression of both copA and zntA does not produce increased
resistance to either monovalent or divalent soft metals than
expression of either gene separately, CopA does not catalyze
Zn(II) or Cd(II) extrusion, and ZntA does not pump copper ion
out of cells.

CopA Is Induced by Copper and Silver lons. Under control of its
endogenous promoter, copA required copper ion for expres-
sion. When strains W3110 and E. coli DW3110 (copA::Kn)
were induced by 1 mM CuSOq for 2 h, no band corresponding
to CopA could be observed in Coomassie-stained SDS poly-
acrylamide gels of the membrane fraction (data not shown),
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Fig.3. Copperorsilverregulates copA expression. Cells of strain W3110 (wild

type) and DW3110 (copA:Kn) were grown and induced, and immunoblotting
was performed on membranes as described in Materials and Methods. (A)
Lane 1, DW3110; lane 2, uninduced W3110; lane 3, W3110 + 20 uM 2-hy-
droxyquinoline; lanes 4-7, W3110 + 20, 50, 100, or 500 uM CuSO4. (B) Lane 1,
DW3110; lane 2, uninduced W3110; lane 3, W3110 + 20 uM 2-hydroxyquin-
oline; lane 4, W3110 + 1000 uM CuSOg4; lane 5, W3110 + 500 uM ZnSOg; lane
6, W3110 + 50 uM AgNO3; lane 7, W3110 + 100 uM CoCl,.

indicating that little CopA is made from the chromosomally
encoded gene. However, by immunoblotting, CopA could be
observed in membranes from strain W3110 (Fig. 3). Addition
of CuSOy resulted in an approximate 50-fold increase in the
amount of CopA compared with the uninduced control, as
determined by densitometry. Addition of the chelator 2-hy-
droxyquinoline to the growth medium almost completely
eliminated synthesis of CopA. The effect of 2-hydroxyquino-
line could be reversed by addition of CuSO4 to the growth
medium. No immunologically crossreacting material was de-
tected in the copA-disrupted strain E. coli DW3110 with or
without induction with CuSOy. Ag(I) also induced CopA in
W3110, but no induction was observed with Zn(II) or Co(II).
These results suggest that expression of copA is transcription-
ally regulated by Cu(II) or Ag(I). Although Cu(II) is added to
the medium, it is reasonable to assume that it is reduced to
Cu(I) intracellularly, and that Cu(I) is the actual inducer. The
copA gene is in a monogenic operon, with no genes for
potential regulatory proteins immediately upstream or down-
stream. Within the —10 element of the putative copA pro-
moter, the inverted repeat sequence 5'-AAGGTTTAAC-
CTT-3' is a potential binding site for a regulatory protein.

ATP-Dependent %4Cu(l) Transport. Everted membrane vesicles pre-
pared from strain LMG194AcopA expressing copA from plasmid
pCopA2 accumulated °*Cu (Fig. 44). Transport required
MgATP. MgADP could not substitute, and cells without copA
did not transport ®*Cu even in the presence of MgATP. Uptake
was inhibited by sodium vanadate (Fig. 4B), an inhibitor of
P-type ATPases. No accumulation was observed in the absence
of DTT (Fig. 5). Essentially, no transport was found with
glutathione or cysteine. The requirement for a strong reductant
suggests that the substrate of the pump is the monovalent Cu(I)
cation. When Ag(I) was added together with %*Cu, precipitation
occurred, so it is not known whether Ag(I) inhibits Cu(I)
transport. Because radioisotopic Ag(I) is commercially unavail-
able, transport of Ag(I) could not be examined.

Discussion

Ions of transition metals such as copper and zinc have essential
roles in gene regulation, enzyme structure, and catalysis and are
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Fig. 4. Uptake of %Cu in everted membrane vesicles of E. coli is ATP-
dependent. Vesicles were prepared from cells of strain LMG194AcopA pCopA2
induced with 0.0002% arabinose as described in Materials and Methods.
Transport was assayed with 10 uM ®4CuSO4 reduced with 1 mM DTT. (A) O, No
pCopA2. @, No energy source. V, 5 mM MgADP. ¥, 5 mM MgATP. (B) ®, No
sodium vanadate. O, +50 uM sodium vanadate. ¥, +100 pM sodium vana-
date. v, +200 uM sodium vanadate.

therefore required for growth. In excess, copper and zinc ions are
toxic. To satisfy these opposing physiological demands, metal ion
homeostasis is maintained by a balance between uptake and
efflux (5). In E. coli, Zn(Il) is accumulated by the ZnuACB
transporter, a member of the ABC transporter superfamily (26).
At present no Cu(II) uptake system has been identified in this
organism. Efflux systems for these two ions have been identified.
ZntA is a P-type ATPase that catalyzes efflux of Zn(II), Cd(II),
or Pb(II) (15-17). In this study, we demonstrate that E. coli {834,
renamed copA, confers resistance to copper ion but not to other
metal ions in E. coli. From sequence analysis, the copA gene
product could be predicted to be a copper ion-translocating
P-type ATPase. The transport data are consistent with this
postulate. Uptake into everted membrane vesicles was observed
only when ATP was present as an energy source and was
inhibited by vanadate, a classical P-type ATPase inhibitor. The
dithiol DTT, a strong reductant, was required for CopA cata-
lyzed *Cu uptake. A similar requirement for DTT was found for
transport of **Cu by the Menkes protein (27). The prerequisite
for a reductant suggests that the substrate of CopA is Cu(l),
although DTT may also maintain the cysteine thiolates of CopA
in a reduced form.

E. coli CopA exhibits identity with orthologues, for example,
36% identity with CopA from E. hirae: 31% with the human
Wilson disease protein and 29% with the Menkes disease
protein. However, the similarity is greater within conserved
domains (Fig. 1). A crucial question in the biochemical
mechanism of the soft metal P-type ATPases is the role of the
conserved N-terminal CXXC motifs (4). What function do
they serve and why is the motif repeated up to six times in the
human proteins? Whereas a number of the bacterial soft metal
pumps have a single N-terminal motif (10, 12, 28), E. coli CopA
has two. Recent studies suggest the six metal binding motifs of
the Menkes protein may not be essential for transport but are
required for intracellular trafficking (29). However, since this
is not an issue with prokaryotes, the presence of multiple
N-terminal motifs in the E. coli orthologue implies that they
have a role in transport. Even though the number of N-

64Cu transport (nmol/mg protein)

+DTT
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Fig. 5.
V¥, +1 mM glutathione. O, +1 mM cysteine.

Rensing et al.

CopA transport activity requires DTT. Transport activity was assayed as described in the legend to Fig. 4 with 5 mM MgATP. v, No thiol. ®, +1 mM DTT.
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terminal CXXC motifs differ between the two P-type
ATPases, the transport properties of CopA are quite similar to
those of the Menkes protein (27). Another possible role for the
CXXC motifs may be to sense copper ion, binding it in the
cytosol for transfer to the translocation domain. The similar-
ities with the human copper diseases proteins coupled with the
ability to analyze copA genetically and to overproduce and
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