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copper homeostasis has been extensively investigated.
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Intracellular copper routing in Enterococcus hirae
an be accomplished by the CopZ metallochaperone.
sing surface plasmon resonance analysis, we show
ere that CopZ interacts with the CopA copper
TPase. The binding affinity of CopZ for CopA was

ncreased in the presence of copper, due to a 15-
old lower dissociation rate constant. Mutating the
-terminal copper binding motif of CopA from CxxC to
xxS abolished this copper-induced effect. Moreover,
opZ failed to show an interaction with an unrelated
opper binding protein used as a control. These re-
ults show that (i) the CopA copper ATPase specifi-
ally interacts with the CopZ chaperone, (ii) this inter-
ction is based on protein–protein interaction, and
iii) surface plasmon resonance is a novel tool for
uantitative analysis of metallochaperone–target
nteractions. © 2001 Academic Press

Key Words: copper homeostasis; Enterococcus hirae;
etallochaperone; surface plasmon resonance; ATPase;

opper homeostasis.

The ability of copper to cycle between oxidized Cu(II)
nd reduced Cu(I) is used by cuproenzymes involved in
edox reactions, e.g., Cu/Zn superoxide dismutase or
ytochrome c oxidase. Copper can also be very toxic
hrough the ability to form radicals and cells must
rotect themselves from copper-induced damage. In-
racellular copper should therefore be complexed at all
imes, putting stringent requirements on the copper
omeostatic system. In yeast, it has been estimated
hat there is less than one free copper ion per cell in the
ytoplasm (1).

In the Gram-positive bacterium Enterococcus hirae,

1 To whom correspondence and reprint requests should be ad-
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he organism possesses two copper ATPases, CopA
nd CopB, that are localized in the cytoplasmic mem-
rane. Previous studies had indicated that CopA is
esponsible for copper uptake under copper limiting
onditions and CopB for copper export if copper reaches
oxic levels (2, 3). The fate of copper that has entered
he cell has remained unclear. Cytoplasmic copper
ould initially be bound to small molecules like gluta-
hione, to copper chaperones, or both. Copper chaper-
nes are specialized proteins which deliver copper to
opper utilizing enzymes (4, 5). In E. hirae, the 69
mino acid protein CopZ has been shown to function as
chaperone and to specifically deliver copper to the

opY repressor (6). The homologous eukaryotic chap-
rones, Atx1 from yeast and HAH1 from humans, have
een demonstrated to deliver copper to copper ATPases
ocated in the trans-Golgi network (Ccc2 in yeast,

enkes/Wilson ATPase in humans; Refs. 7, 8). These
TPases in turn pump copper into the Golgi network
here it is required for the biosynthesis of cuproen-

ymes, such as the yeast Fet3p iron reductase or hu-
an ceruloplasmin (9, 10).
Chaperone–target interactions have been demon-

trated using in vivo complementation (11), site-
irected mutagenesis (12), the yeast two-hybrid system
7, 8, 12), and by in vitro binding assays (7, 13). How-
ver, none of these methods allows quantitative assess-
ent of the interaction. We here introduce surface

lasmon resonance (SPR) analysis to measure the in-
eraction of the purified CopZ chaperone with the pu-
ified CopA ATPase. We found that CopZ specifically
inds to CopA and that this binding is modulated by
opper. The CxxC copper binding motif of CopA was
ot essential for the interaction, suggesting that dock-

ng of CopA to CopZ is governed by protein–protein
nteraction. This study also demonstrates for the first
ime the application of SPR analysis to quantitatively
ssess metallochaperone–target interaction.



M

b
z
c
C

E
t
t
p
c
v

f
s
c
b
s
s
p
s
a
l
r
t
P
s
c
p
m
i
p

v
C
(
s
r

for reasonableness and consistency according to the manufacturer’s
i
c

R

m
t
t
t
T
l
s
t
T
p
s
i
n
o

u
a
b
c
c
t
d
i
p
h
n
t
p

s
t
a
t

a
l
i
m
s
p
c

t
g
o

Vol. 288, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ATERIALS AND METHODS

Materials. Tris(2-carboxyethyl)phosphine (TCEP) was supplied
y Aldrich and dodecylmaltoside by Anawa Trading (Wangen, Swit-
erland). Cu(CH3CN)4ClO4 was prepared as described (14). All other
hemicals were from Merck (Darmstadt, Germany) or from Sigma
hemical Corp. (St. Louis, MO) and were of analytical grade.

Protein purifications. CopA was expressed from plasmid pHT1 in
scherichia coli and purified as described (15). A CopA double mu-

ant C17S/C20S (CopA–SS) was generated by mutating pHT1 with
he QuikChange site-directed mutagenesis kit (Stratagene), using
rimers 59-ggaatgacatctgcgaattcttctgctcgaatcgaaaaagaac and 59-gtt-
tttttcgattcgagcagaagaattcgcagatgtcattcc. CopZ was purified as pre-
iously described (16, 17).

Surface plasmon resonance detection of CopZ interactions. Sur-
ace plasmon resonance experiments were performed with a biosen-
or system (BIACORE) at a sensor temperature of 20°C. Prior to
oupling, CopA or CopA–SS were dialyzed against 250 vol of binding
uffer (50 mM NaPi, pH 7.4, 2% acetonitrile, 0.05% dodecylmalto-
ide) for 14 h at 4°C. For coupling, one volume of a 0.1 mg/ml enzyme
olution in assay buffer was mixed with 3 vol of 10 mM Na-formate,
H 3.5 (final pH ' 6), and was injected for 1 h at 5 ml/min onto the
ensor chip activated by N-hydroxysuccinimide/N-hydroxysuccinimide
nd 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide. This was fol-
owed by the injection of 1 M ethanolamine, pH 9, for 5 min to quench
esidual N-hydroxysuccinimide groups. The sensor chip was deriva-
ized with 3000 to 9000 response units (RU) of CopA or CopA–SS.
rior to all binding experiments, the chip was conditioned by con-
ecutive injections (injection times indicated in brackets) of solutions
ontaining 1 M NaCl (4 min), 0.1 mM EDTA/0.1 mM bathocu-
roindisulfonate (2 min), 20 mM TCEP (4 min), and 1 M NaCl (4
in), all in 2% acetonitrile, 0.05% dodecyl maltoside. After each

njection, an additional wash of the integrated flow channel was
erformed to minimize the carryover between injections.

Data evaluation. The data were analyzed using BIAevaluation
ersion 3.0 software (BIACORE). It was assumed that the CopZ–
opA interaction was pseudo-first order. The apparent association

k a) and dissociation (k d) rates were derived by fitting of the biosen-
or curves. Association and dissociation phases were fitted sepa-
ately. In assessing the fit, the numeric results were always checked

FIG. 1. Chemical coupling of CopA to the sensor chip. Activation
nd saturation of the BIACORE sensor chip was performed as out-
ined under Materials and Methods. Binding of CopA for 1 h resulted
n 9000 RU, corresponding to 9 ng of CopA bound per square milli-

eter. Activation, activation of the sensor chip with N-hydroxy-
uccinimide/N-hydroxysuccinimide and 1-ethyl-3-(3-dimethylamino-
ropyl)carbodiimide; Immobilization, binding of CopA to the sensor
hip; Saturation, quenching of reactive groups with ethanolamine.
173
nstruction (Software handbook, BIAevaluation, version 3). KD was
alculated from the relation KD 5 k d/k a.

ESULTS

A biosensor assay, which is based on surface plas-
on resonance analysis, was established to measure

he interaction of CopZ with CopA in real time. The
echnique can detect the binding of a protein in solu-
ion to a protein immobilized ion a sensor chip surface.
he mass change when analyte binds to the immobi-

ized ligand causes a change in refractive index at the
ensor chip surface and can be measured as a change in
he intensity of light reflected from the chip surface.
his resonance signal, measured in RU is directly pro-
ortional to the change in mass on the sensor chip
urface. A response of 1000 RU corresponds to a change
n surface protein concentration of approximately 1
g/mm2. The working range of the instrument is in the
rder of 50–20,000 RU (Fig. 1).
In the past, the BIACORE technique was primarily

sed for relatively stable proteins, such as in antigen-
ntibody interactions. To apply the method to mem-
rane proteins, we had to apply mild conditions of
oupling and regeneration to maintain native protein
onformation. This was achieved by working at 20°C
hroughout all measurements and including 0.05% do-
ecylmaltoside in all buffers used. Additionally, includ-
ng 2% acetonitrile allowed binding analyses in the
resence of Cu(I), added as copper(I)acetonitrile. We
ave previously established that neither the structure
or activity of CopA and CopZ are impaired under
hese conditions (Ref. 17; Wunderli-Ye and Solioz, un-
ublished observation).
CopA was injected onto the activated sensor chip

urface to immobilize the protein to the activated dex-
ran to the extent of 3000 to 9000 RU, corresponding to
pproximately 3 to 9 ng/mm2 of covalently linked pro-
ein (Fig. 2). The binding of 9000 RU to the sensor chip

FIG. 2. Overveiw of the washing and incubation steps used in
he cycling of the sensor chip. Buffer is “binding buffer.” Note the
reatly compressed y-scale compared to Figs. 3 and 4. See text for
ther details.
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s in excess of the manufacturer’s recommendation, but
ave much better signal-to-noise ratios for the binding
f the small CopZ. No mass transfer interference was
pparent even at the highest chip loading of 9000 RU.
he covalent linkage of the proteins to the chip was
table for at least 10 consecutive CopZ injections (no
aseline drift).
The regeneration/binding/washing procedure that
as employed to analyze CopZ–target interactions is
xemplified in Fig. 2. A wash with EDTA and the
opper chelator bicinchoninic acid (BC) served to re-
ove bound metal. This was followed by a tris(2-

arboxyethyl)phosphine (TCEP) wash. This reagent re-
uces oxidized thiol groups in proteins without forming
dducts or noxious byproducts (18) and was used to
eset the conditions for the CxxC metal binding motif
f CopA to bind copper. It has been shown for the
elated metal binding motifs of the ATP7A and ATP7B
TPases of Menkes and Wilson diseases that these
ites, when reduced, are readily loaded with copper(I)
19–21).

The association of CopZ with CopA and the dissoci-
tion of CopZ from CopA in the absence and presence of
opper(I) are shown in Fig. 3. Since copper(I) is virtu-
lly insoluble at physiological pH, copper effects were
nvestigated by using the stable copper(I) complex cop-
er(I)acetonitrile (14). It has previously been shown
hat this complex can donate copper(I) to purified CopZ
17), CopY (Solioz and Dameron, unpublished observa-
ion) or the CxxC copper binding motifs of copper
TPases in vitro (21). However, it should be noted that
ue to the use of a copper(I) complex, all copper con-
entrations must be regarded a relative reference val-
es in regard to free, available Cu1.

FIG. 3. Association–dissociation of CopZ and wild-type CopA.
opZ at a concentration of 100 mg/ml was interacted with a wild-type
opA sensor chip in the presence of 0 (thick trace), 10 (top trace), and
00 mM (bottom trace) copper(I)acetonitrile, respectively. CopZ in-
ection was started at 800 s and continued until 1200 s, followed by
njection of protein-free buffer during the dissociation phase. The
apid drop in signal at 800 s and the rapid rise in signal at 1200 s are
rtifacts due to a changes in the refractive index of the buffer. The
urves were corrected for the baseline obtained without CopZ. Other
etails of the procedure are described under Materials and Methods.
174
he presence or substoichiometric amounts of copper(I)-
cetonitrile (10 mM copper(I)acetonitrile equals a mo-
ar stoichiometry of 0.9 copper(I)acetonitrile/CopZ).
nder these conditions, approximately 80% of the the-

retical binding of CopZ to CopA was observed. This
ollows from the fact that the RU are proportional to
he mass bound to the sensor chip: the 78-kDa CopA
mmobilized to 9000 RU on the sensor chip surface
ould theoretically bind 890 RU of the 7.7-kDa CopZ,
nticipating a 1:1 stoichiometry between the two pro-
eins. In the presence of 100 mM copper(I)acetonitrile,
he steady-state association of CopZ with CopA was
educed by approximately 75%. In the absence of sup-
lemented copper(I)acetonitrile, a transient binding
aximum was observed (loss of RU in the time frame

f 900 to 1200 s of the bold curve in Fig. 3). Under these
onditions, copper depletion was probably incomplete
ue to contaminating copper in the running buffer;
eionized water contains 50–100 nM residual copper
22). Essentially the same results were obtained using
arious sensor chips containing from 3000 to 9000 RU
f CopA. No binding of CopZ was observed to an empty
ensor chip or to a sensor chip with immobilized amy-
oid precursor protein APP (not shown), a copper bind-
ng protein involved in Alzheimer disease (23, 24). This
nderlines the specificity of the interaction of CopZ
ith CopA. When CopZ was immobilized on the chip,
o interaction with CopA could be observed. This was
robably due to steric hindrance from crosslinking of
he small CopZ molecule to the chip (see Discussion).

Association and dissociation rate constants were de-
ermined by curve fitting using the BIAevaluation soft-
are version 3.0 and are summarized in Table 1. For

he interaction of CopZ with CopA, the association rate
a was only slightly affected by 10 and 100 mM cop-
er(I)acetonitrile and maximally exhibited a 2-fold
hange compared to copper unsupplemented condi-
ions. The dissociation rate k d was, however, strongly
nfluenced by added copper and was decreased up to
5-fold. This resulted in a 7- and 16-fold increase of the
ffinity constant KD in the presence of 100 and 10 mM
opper(I)acetonitrile, respectively. Copper could thus
odulate the interaction of CopZ with CopA.
CopA possesses an N-terminal metal binding site
ith the consensus motif CxxC. This motif is found in
ost copper ATPases and has been shown to specifi-

ally bind copper(I) (19–21, 25–27). To test if the CxxC
otif of CopA plays a key role in the CopZ–CopA in-

eraction, such as by copper bridging, a CopA mutant
hich had the cysteine residues of the CxxC motif
utated to serine residues (CopA–SS) was con-

tructed. CopZ still strongly bound to the CopA–SS
utant enzyme, but the interaction was now only in-

ignificantly influenced by added copper; all associa-
ion and dissociation rate constants resembled those
bserved for wild-type CopA in the absence of added
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opper (Fig. 3, Table 1). Thus, the CxxC motif increases
inding of CopZ to CopA in the presence of copper.
owever, it is not the guiding element for the interac-

ion of CopZ with CopA. Direct protein–protein inter-
ction must occur. Using surface plasmon resonance
nalysis has allowed us to quantify this interaction for
he first time, providing the stage for a detailed anal-
sis of the amino acid residues involved in the CopA–
opZ interaction (Fig. 4).

ISCUSSION

We here introduce SPR analysis as a novel tool to
nvestigate metallochaperone–target interactions and
emonstrate that the CopZ copper chaperone strongly
nd specifically interacts with the CopA copper ATPase
f E. hirae. The association and dissociation rates mea-
ured for CopA–CopZ interactions were 1.2–2.8 3 103

21 s21 and 0.95–14 3 1023 s21. Since only very few
ellular interactions have been quantitatively assessed
y SPR analysis, a comparison with other such mea-
urements is warranted. For the interaction between
he E. coli Hsp70 family member, DnaK, and its part-
er DnaJ, a ka of 2.3–3 3 104 M21 s21 and a k d of
.6–3 3 1023 s21 was determined (28). Also using SPR

Kinetic Parameters of CopZ–Cop

Interaction Cu(I) [mM] k a [M21 s21]a

opZ–CopA 0 2.4 3 103

opZ–CopA 10 2.8 3 103

opZ–CopA 100 1.2 3 103

opZ–CopA–SS 0 2.5 3 103

opZ–CopA–SS 10 2.3 3 103

opZ–CopA–SS 100 2.2 3 103

a Association and dissociation rates were determined by curve fi
pplied as described under Materials and Methods.

FIG. 4. Association–dissociation of CopZ and mutant CopA–SS.
opZ at a concentration of 100 mg/ml was interacted with a CopA–SS
ensor chip in the presence of 0 (thick trace), 10 (top trace), and 100
M (bottom trace) copper(I)acetonitrile. Other details are as in the
xperiment of Fig. 3.
175
nalysis, the E. coli s-sigma factor was found to inter-
ct with RNA polymerase with an association rate of
.1 3 104 M21 s21 and a dissociation rate of 4 3 1023 s21

29). It is apparent that these widely different systems
xhibit similar rate constants. Future work will have
o show if these values represent a general “biological
ange” for dynamic protein–protein interactions.
By site-directed mutagenesis it was shown that the
xxC motif of CopA is not an essential element for the

nteraction with CopZ. CopA–SS with the CxxC motif
utated to SxxS still exhibited a high affinity for CopZ.
hus, the interaction is not governed by copper bridg-

ng of the two CxxC motifs in CopA and CopZ, and
ther protein domains must be involved in protein–
rotein interaction. However, the CxxC motif of CopA
odulated the interaction with CopZ in response to

opper. With wild-type CopA, the addition of copper(I)
ecreased the dissociation rate k d by 15-fold (cf. Table
). Mutation of the CxxC motif of CopA to SxxS elimi-
ated this modulating activity of copper, presumably
y preventing copper binding to this site.
In the reverse experiment, immobilized CopZ did not

isplay CopA binding activity. Since CopZ is a protein
f only 69 amino acids, it is likely that immobilization
o the sensor chip resulted in steric hindrance for CopA
inding. The basic amino acid residues of CopZ, which
re the reactive groups for immobilization, are all cul-
tered on one side of CopZ (17). These residues are also
ost likely required for docking to CopA. This finds

upport from studies of HAH1 and Atx1, the human
nd yeast homologue of CopZ, where basic amino acids
ave been shown to be critical for the interaction with
he respective copper ATPases (12, 30, 31).

According to our working hypothesis, copper enters
he cell via CopA under copper limiting conditions. The
nteraction of CopA with CopZ suggests that the chap-
rone can subsequently serve to route copper to other
ites. Evidence for copper uptake by CopA is derived
rom the observation that copA knock-out strains do
ot exhibit a change in copper resistance, but are un-
ble to grow under copper starvation. Furthermore,
opA knock-out strains show increased resistance to

nd CopZ–CopA–SS Interactions

k d [s21]a KD [M] Figure

14 3 1023 5.8 3 1026 3
1.0 3 1023 0.36 3 1026 3

0.95 3 1023 0.79 3 1026 3
9.8 3 1023 3.9 3 1026 4
8.6 3 1023 3.7 3 1026 4
12 3 1023 5.5 3 1026 4

g using BIAevaluation software version 3.0 and corrections were
A a

ttin
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opA can be a route for silver entry into the cell. Other
elated copper ATPases have also been implicated in
opper uptake. Disruption of the gene for CtpA of Lis-
eria monocytogenes, which has 44% sequence identity
ith CopA, leads to reduced growth in copper limiting
edia and to reduced virulence (33, 34). A CopA ho-
ologue was also identified in Staphylococcus aureus

s a gene induced during infection and therefore in-
olved in virulence (35). Likely, the product of this gene
erves in copper accretion by the cell. Since there is
ssentially no free copper in eukaryotic cells (1), patho-
enic bacteria must be furnished with highly efficient
opper uptake mechanisms to supply the cell with es-
ential copper. CopA of E. hirae and homologous en-
ymes may have evolved in response to this need. How-
ver, additional experiments are required to further
upport this hypothesis.
Irrespective of the function of CopA, its interaction
ith CopZ demonstrates that these two proteins “com-
unicate” with each other. The interactions of CopZ
omologues, such as yeast Atx1 or human HAH1, with
heir respective targets, Ccc2 and Menkes/Wilson cop-
er ATPase, respectively, has been semiquantitatively
ssessed with the yeast two-hybrid system (7, 8, 12). In
his in vivo method, proper folding of the chimeric
roteins is not assured and cannot be tested easily. In
he BIACORE method used here, purified, native pro-
eins were employed as starting material. The covalent
inding of the proteins to the sensor chip is not be-
ieved to disturb their conformation. In fact, immobili-
ation of proteins to solid supports is a standard
ethod to enhance the stability of enzymes for medical

nd biotechnological applications (36–38). The validity
f our approach is underlined by the specific binding of
opZ to CopA with reasonable kinetic parameters, and

he lack of binding of CopZ to the unrelated copper
inding protein APP. Functional competence of CopA
ound to the sensor chip is also supported by the extent
f CopZ binding, which amounted of 80% of the theo-
etical binding capacity, assuming a CopZ:CopA stoi-
hiometry of one.

Taken together, these results show that the E. hirae
opZ copper chaperone specifically interacts with the
opA copper ATPase and thus reveal a new link in

ntracellular copper routing in E. hirae. The present
tudy also demonstrates the utility of SPR analysis as

novel method to quantitatively assess metallo-
haperone-target interactions.

CKNOWLEDGMENTS

This work was supported by Grant 32-56716.99 from the Swiss
ational Foundation, by the Deutsche Forschungsgemeinschaft
FG (to G.M., MU901), and by the Fonds der Chemischen Industrie

hrough Konrad Beyreuther.
176
1. Rae, T. D., Schmidt, P. J., Pufahl, R. A., Culotta, V. C., and
O’Halloran, T. V. (1999) Undetectable intracellular free copper:
The requirement of a copper chaperone for superoxide dis-
mutase. Science 284, 805–808.

2. Solioz, M., and Odermatt, A. (1995) Copper and silver transport
by CopB–ATPase in membrane vesicles of Enterococcus hirae.
J. Biol. Chem. 270, 9217–9221.

3. Odermatt, A., Krapf, R., and Solioz, M. (1994) Induction of the
putative copper ATPases, CopA and CopB, of Enterococcus hirae
by Ag1 and Cu21, and Ag1 extrusion by CopB. Biochem. Biophys.
Res. Commun. 202, 44–48.

4. Harrison, M. D., Jones, C. E., Solioz, M., and Dameron, C. T.
(2000) Intracellular copper routing: The role of copper chaper-
ones. Trends Biochem. Sci. 25, 29–32.

5. O’Halloran, T. V., and Culotta, V. C. (2000) Metallochaperones,
an intracellular shuttle service for metal ions. J. Biol. Chem.
275, 25057–25060.

6. Cobine, P., Wickramasinghe, W. A., Harrison, M. D., Weber, T.,
Solioz, M., and Dameron, C. T. (1999) The Enterococcus hirae
copper chaperone CopZ delivers copper(I) to the CopY repressor.
FEBS Lett. 445, 27–30.

7. Larin, D., Mekios, C., Das, K., Ross, B., Yang, A. S., and Gilliam,
T. C. (1999) Characterization of the interaction between the
Wilson and Menkes disease proteins and the cytoplasmic copper
chaperone, HAH1p. J. Biol. Chem. 274, 28497–28504.

8. Pufahl, R. A., Singer, C. P., Peariso, K. L., Lin, S., Schmidt, P. J.,
Fahrni, C. J., Culotta, V. C., Penner-Hahn, J. E., and O’Halloran,
T. V. (1997) Metal ion chaperone function of the soluble Cu(I)
receptor Atx1. Science 278, 853–856.

9. Dancis, A., Yuan, D. S., Haile, D., Askwith, C., Eide, D., Moehle,
C., Kaplan, J., and Klausner, R. D. (1994) Molecular character-
ization of a copper transport protein in S. cerevisiae—An unex-
pected role for copper in iron transport. Cell 76, 393–402.

0. Yuan, D. S., Stearman, R., Dancis, A., Dunn, T., Beeler, T., and
Klausner, R. D. (1995) The Menkes/Wilson disease gene homo-
logue in yeast provides copper to a ceruloplasmin-like oxidase
required for iron uptake. Proc. Natl. Acad. Sci. USA 92, 2632–
2636.

1. Lin, S. J., Pufahl, R. A., Dancis, A., O’Halloran, T. V., and
Culotta, V. C. (1997) A role for the Saccharomyces cerevisiae
ATX1 gene in copper trafficking and iron transport. J. Biol.
Chem. 272, 9215–9220.

2. Portnoy, M. E., Rosenzweig, A. C., Rae, T., Huffman, D. L.,
O’Halloran, T. V., and Culotta, V. C. (1999) Structure–function
analyses of the ATX1 metallochaperone. J. Biol. Chem. 274,
15041–15045.

3. Hamza, I., Schaefer, M., Klomp, L. W., and Gitlin, J. D. (1999)
Interaction of the copper chaperone HAH1 with the Wilson dis-
ease protein is essential for copper homeostasis. Proc. Natl.
Acad. Sci. USA 96, 13363–13368.

4. Hemmerich, P., and Sigwart, C. (1963) Cu(CH3CN)2
1, ein Mittel

zum Studium homogener Reaktionen des einwertigen Kupfers in
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