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The Arabidopsis thaliana copper chaperone (CCH) is a small

copper binding protein involved in copper trafficking. When

compared to homologues from other eukaryotes, CCH has two

different domains; the conserved N-domain and the plant-

exclusive C-domain, a C-terminal extension with an unusual

amino-acid composition. In order to characterize this extra C-

domain, the CCH protein, the N-domain and the C-domain were

all expressed separately in heterologous systems. While the N-

domain retained the copper chaperone and antioxidant properties

described for the yeast Atx1 and human HAH1 counterparts, the

C-domain displayed particular structural properties that would

INTRODUCTION
Copper is essential, yet toxic, therefore appropriate levels are

crucial for eukaryotic cells and must be maintained. Intracellular

copper distribution is carried out by copper chaperones, a novel

family of copper carriers that bind Cu(I) in the cytosol and

mediate its delivery to copper-dependent target proteins [1]. In

the yeast Saccharomyces cere�isiae, the molecular mechanisms

underlying the activities of metallochaperones are being clarified,

and three members of the protein family have been described so

far : Cox17, which is involved in copper delivery to mitochondrial

cytochrome oxidase [2] ; Ccs, which inserts copper into Cu}Zn

superoxide dismutase [3] ; Atx1, which targets copper to Ccc2, a

P-type ATPase, which pumps the ion into Golgi vesicles of the

secretory pathway [4,5]. Both Atx1 and Ccc2 are essential factors

for copper delivery to Fet3, a plasma membrane multi-copper

oxidase required for high-affinity iron uptake in yeast [4].

Structural studies have shown that most copper chaperones

share a similar fold ascribed to the ferredoxin-like structural

family [6]. Recently, the crystal structure of Atx1 solved at 1.02

A/ resolution [7], has revealed a global ‘open-faced β-sandwich’

fold, and has located the conserved metal-binding motif

(MXCXXC) of Atx1 in an external loop where it is easily

accessible to the receptor Ccc2. The interaction between Atx1

and Ccc2 has been demonstrated through the two-hybrid system

[8], and it has been proposed that this protein–protein interaction

is mediated by electrostatic attraction between a conserved Lys-

rich region on Atx1 and a cluster of acidic residues on the surface

of Ccc2 [7]. Such an interaction has also been proved to exist

between the corresponding human homologues [9]. Moreover,

Atx1 and its human homologue HAH1 have intrinsic antioxidant

properties which are unrelated to their interaction with Ccc2

[10–12].

Current evidence suggests that copper homoeostasis in plants

could follow a similar pathway to the one described in other

eukaryotes. In this sense, the copper chaperone (CCH) from
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be necessary to optimize copper homoeostasis in plant cells where

it could be responsible for the metallochaperone plant-exclusive

intercellular transport. The whole CCH protein and the C-

domain, but not the N-domain, displayed altered SDS}PAGE

mobilities. CD spectroscopy showed that the N-domain fold is

representative of an α}β protein, while the C-domain adopts an

extended conformation.

Key words: metallochaperone, extended structure, protein do-

main.

Arabidopsis thaliana is the functional homologue of Atx1 [13],

and the RAN1 ATPase is the plant counterpart of Ccc2 [14].

RAN1 has been implicated in the ethylene-signalling pathway,

since binding of this gaseous hormone to its receptor is copper-

dependent [15]. If plants have a chaperone-mediated delivery of

copper similar to the one described in yeast, CCH would transfer

the metal to RAN1, that in turn would pump copper ions

into the secretory pathway making them accessible to the ethylene

receptor. CCH is located mainly in plant vascular tissues where

its concentration increases greatly during senescence [16]. This

suggests thatCCHplays a role in coppermobilization in senescing

organs to direct copper towards nutrient-demanding repro-

ductive structures.

We have focused our attention on the Arabidopsis CCH. CCH

(121 residues) has two different domains (Figure 1) ; a conserved

N-terminal region (amino acids 1–71, referred herein as the N-

domain) containing the copper-binding motif MXCXXC, and a

Figure 1 Representation of the CCH protein

The left segment represents the CCH N-domain [the Atx1-like part, with the secondary structure

elements of yeast Atx1 shown as the following : β-sheet, arrows (β) ; α-helix, rectangles (α) ;

loops, single lines]. The right segment shows the amino-acid sequence of the exclusive C-

terminal domain. The stretch of ‘ h ’ and the motif in bold indicate the putative α-helix predicted

by secondary-structure algorithms.
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C-terminal region (amino acids 72–121, the C-domain), which is

absent in all the identified non-plant metallochaperones [13]. The

purpose of this study was to gain insight into the functional and

conformational properties of this plant-exclusive C-domain,

which has not yet been described in any detail.

EXPERIMENTAL

Sequence analysis

The Arabidopsis CCH cDNA nucleotide sequence corresponds

to GeneBank2 accession number U88711. Secondary structure

predictions were determined using the PHD software (EMBL,

Heidelberg, Germany).

Yeast strains, vectors and culture conditions

The S. cere�isiae strain used was SL215 (atx1∆, derivative

of strain YPH250; [4]). To create the vectors for the expression of

CCH and the N-domain of CCH in yeast, cDNA fragments were

directionally subcloned into p416GPD generating p416-CCH(1-

121) and p416-N(1-68). Other plasmids used were p413-A1 for

expression of yeast ATX1, and pRS413 as the control vector

without the insert [4]. The SL215 strain was transformed with the

corresponding vectors, and to test for iron-uptake restoration in

this strain, transformants were grown for six days at 30 °C as

described previously [4]. The antioxidant function was tested by

growing transformants in 1.5 mM H
#
O

#
[10]. CCH (residues

1–121) and the N-domain (residues 1–68) were fused in frame to

the C-terminus of the green fluorescent protein (GFP). The

coding sequences of the fusion proteins were subcloned into

p416GPD, and the strain SL215 was transformed with the

resulting plasmids. Cells were incubated with 4,6-diamidino-2-

phenylindole (DAPI) for nuclei staining, and were revealed by

fluorescence microscopy using the appropriate filter settings. In

some experiments, cells were treated with increasing concen-

trations, in the µM range, of copper sulphate, bathocuproine

disulphonic acid or menadione.

Expression and purification of recombinant proteins

Glutathione S-transferase (GST) fusion constructs were created

by subcloning appropriate fragments of the CCH cDNA into

pGEX vectors. The insert DNA for construction of GST-CCH(1-

121) was prepared by digesting the cDNA with NcoI, ‘filling-in’

with the Klenow fragment of DNA polymerase I and redigesting

with NotI. The fragment was then subcloned into pGEX-5X-3.

Bpu1102I and NotI digestions of this plasmid were followed by

a fill-in reaction to generate blunt-ends, and then by religation of

the backbone DNA to create GST-N(1-73). For the C-domain

construct, GST-C(69-121), the Sau3A–NotI cDNA insert was

subcloned into pGEX-5X-2. All the constructs were sequenced

to verify the frame conservation. Escherichia coli DH5α cells

were transformed with the plasmids, grown at 37 °C and induced

with isopropyl β--thiogalactoside (IPTG). Cultures were har-

vested, resuspended in PBS, lysed by sonication, and the fusion

proteins were purified from the soluble fraction by glutathione–

Sepharose affinity chromatography. The GST-tag was removed

by digestion of the matrix-bound fusion proteins with Factor Xa.

All the recombinant proteins were analysed for purity and

integrity by SDS}PAGE. Identity was confirmed by matrix-

assisted laser-desorption ionization-time-of-flight (‘MALDI-

TOF’) MS.

Before ultracentrifugation and CD analysis, the proteins were

further purified by analytical HPLC on a Hibar Lichrosorb RP-

18 (7 µm) column (Merck). They were subjected to a refolding

protocol based on Wingfield et al. [17] which is described briefly

as follows: proteins were denatured in 8 M guanidinium chloride,

dialysed for 16 h at 4 °C in buffer A [50 mM glycine}10% (w}v)

sucrose}1 mM EDTA}1 mM GSH}0.1 mM GSSG}4 M urea

(pH 9.6)], and dialysed again in buffer B [20 mM 4-morpholine-

ethanesulphonic acid}10% sucrose}100 mM NaCl}0.1 mM

GSH}0.01 mMGSSG(pH 6.0)]. The concentrationof the protein

solution was determined by UV spectroscopy for the CCH and

the N-domain (using ε#)!¯ 6850 M−" [ cm−"), and by Coomassie

staining of SDS}PAGE gels for the C-domain (using different

concentrations of BSA as a standard).

Anti-CCH antibody production and plant crude extracts analysis

Recombinant-CCH protein (0.15 mg) was purified, lyophilized

and sent to Eurogentec (Seraing, Belgium) for rabbit immuni-

zation. Pre-immune and immunized serum (dilution 1:1000)

were used in a Western blot under standard conditions [using an

Immune-blot PVDF membrane (Bio-Rad, Hercules, CA,

U.S.A.)], the secondary antibody (diluted 1:3000) was added

and the blot developed with the ECL2 (enhanced chemilumi-

nescence system) (Amersham International).

Mature leaves from Arabidopsis were ground in 2 volumes of

extraction buffer [100 mM Tris}HCl (pH 7.5)}1 mM EDTA}
2 mM PMSF}5 mM β-ethylthiol}1 µg}ml leupeptin}2 µg}ml

apoprotinin}1 µg}ml pepstatin], centrifuged at 6000 g for

10 min, and the supernatant was used as crude extract.

CD spectroscopy

CD spectra were obtained with a Jobin Yvon spectropolarimeter

(Paris, France). Samples were measured at 10 °C in 5 mM 4-

morpholine-propanesulphonic acid (pH 7.0) buffer solution, un-

less indicated, in a 1 mm-path-length cell. An average of five

scans were performed on the resulting spectra. The temperature

was maintained with a circulating water bath.

RESULTS AND DISCUSSION

Yeast complementation experiments using the N-domain and the
whole CCH protein

In order to study the influence of the C-domain on the CCH

protein function, both the entire protein and the N-domain were

expressed in the corresponding yeast mutant for functional

complementation and localization studies. The S. cere�isiae

strains used lack cytosolic Atx1 copper chaperone (atx1∆), and

are defective in both high-affinity iron uptake and antioxidant

defence [10]. First, we questioned whether the N-domain of CCH

is sufficient for functional complementation, as implied by the

high sequence homology, and how the presence of the C-terminal

domain influences the function and}or folding of CCH. Thus

atx1∆ yeast cells were transformed separately with the CCH and

CCH N-domain constructs, grown in the absence of iron (Figure

2A) and in the presence of 1.5 mM H
#
O

#
(results not shown).

Recovery of growth was observed in all cases. Moreover, CCH

and N-domain fused to the C-terminus of GFP, that com-

plemented atx1∆ viability defects (Figure 2A), were localized

throughout the yeast cell cytoplasm (Figure 2B) in the same way

as the yeast Atx1 and human HAH1 metallochaperones [4,9].

Alterationof the intracellular copper concentration by incubation

in excess copper or bathocuproine disulphonic acid (a copper

chelator) had no effect on the localization of CCH and N-

domain fusions, and neither had the addition of the oxidant

menadione (results not shown). Therefore, the N-domain by

itself retains the antioxidant activity and the ability to deliver

# 2001 Biochemical Society



547Structural characterization of an Arabidopsis metallochaperone

Figure 2 Functional complementation and localization of the CCH protein
and N-domain in yeast

(A) Functional complementation of the high-affinity iron uptake in the atx1∆ mutant yeast by

CCH and its N-domain. The atx1∆ mutant strain was transformed with vectors p413 and p416

(negative controls), p413 ATX1 (ATX1 expression, positive control), p416 CCH, p416 GFP CCH,

p416 N-domain and p416 GFP N-domain, and grown at different dilutions on synthetic complete

medium plates supplemented with either histidine or uracil (SC-his or SC-ura) containing either

3 mM ferrozine, an iron chelator, or 3 mM ferrozine plus 50 mM ferrous ammonium sulphate.

Plates were photographed after incubation at 30 °C for 6 days. (B) Cytoplasmic localization of

functional CCH and N-domain–GFP fusion proteins in yeast cells. Subcellular distribution was

revealed by fluorescence microscopy, and DAPI was used for DNA staining.

copper to the Ccc2 transporter in the secretory pathway, and the

C-domain does not seem to interfere either with the function or

the subcellular distribution of the protein in yeast. Moreover,

this C-terminal sequence is not necessary for the correct folding

of CCH in �i�o, because its absence did not affect the folding of

the N-terminal domain as shown by the complementation activity

experiments. Thus these results suggest that the plant-exclusive

C-domain should have a plant-specific function.

Expression in E. coli and altered SDS/PAGE mobility of the
purified proteins

Arabidopsis CCH and its N- and C-terminal domains were

produced as GST-fusion proteins in E. coli cells. The CCH

protein migrated in SDS}PAGE with the apparent size of 23 kDa

Figure 3 CCH protein expression in E. coli cells, purification and antibody
reaction

(A) Electrophoretic profile of E. coli cell lysates before (®) and after () IPTG induction,

purified GST–CCH fusion protein (GST-CCH) and the separate products obtained after Factor-

Xa digestion (GST and CCH). Molecular-mass markers and their sizes in kDa are shown on the

left. (B) Western immunoblots of the CCH protein produced in E. coli cells and from the

Arabidopsis crude extract tested with the anti-CCH antibody and pre-immune serum.

Figure 4 Expression of the CCH domains in E. coli cells

The expression of the CCH N-domain (A) and C-domain (B) protein in E. coli cells as GST-fusion

proteins. Electrophoretic profiles of the E. coli cell lysates before (®) and after () IPTG

induction. The purified GST-fusion constructs (GST-N domain and GST-C domain) and the

products obtained after Factor Xa digestion (GST, N domain and C domain) are shown.

Molecular-mass markers are shown on the left.

instead of its expected 14 kDa molecular mass (Figure 3A). Poly-

clonal antibodies raised against CCH also detected a 23 kDa

band in Western immunoblots from Arabidopsis crude extracts

(Figure 3B), indicating that the natural CCH protein migrates

like its recombinant counterpart.

The electrophoretic mobilities on SDS}PAGE of the CCH

domains were 9 kDa for the N-domain, as expected from its

molecular mass (Figure 4A), and 28 kDa (major band) or 23 kDa

(minor band) for the 5 kDa C-domain (Figure 4B). These results

indicate that the unusual migration of the C-domain could be

responsible for the altered mobility of the entire CCH protein.

Previously, electrophoretic mobilities on SDS}PAGE which are

uncorrelated to protein molecular masses have been described as

a probable result of intrinsic net charge, protein conformation

and}or SDS-resistant oligomerization [18–20].
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Figure 5 Far-UV CD spectra of the CCH protein and subdomains

The far-UV CD spectra of CCH (–––), C-domain (- - - - -) and N-domain (––) in refolding buffer

solution at 10 °C. The protein concentration was 10 µM.

Secondary structure studies of the CCH protein and its domains

After purification by analytical reverse-phase HPLC, the re-

combinant CCH protein and its N- and C-domains were com-

pletely denatured before being refolded through dialysis, and

analysed separately by CD spectroscopy. The far-UV CD

spectrum of CCH displayed a minimum negative ellipticity at

203 nm and a ‘shoulder ’ at 210 nm (Figure 5). The spectrum

of the N-domain (Figure 5) was typical of an α}β protein,

as expected due to its high sequence similarity to the Atx1

protein. The far-UV CD spectrum of the isolated C-domain

showed a strong negative band at 198 nm (approx.®30000

degrees [ cm#[dmol−" ; Figure 5). This CD spectrum of the C-

domain (Figure 5) could be associated with a disordered poly-

peptide structure, although such a large intensity value could

also suggest the contribution, to some extent, of secondary

structure elements like a polyproline II-type helix [21] or an

extended β-sheet structure [22,23]. The CD spectra of the intact

CCH protein could be accounted for by the contribution of both

the N- and C-domains, as it is consistent with the presence of two

structurally independent domains.

In order to test the propensity of the C-domain and to acquire

a more defined secondary structure, the CD spectra were

measured in the presence of trifluoroethanol. Under these

conditions, the C-domain was induced to partially fold into an α-

helix (Figure 6A). The CD analysis was also performed in the

presence of submicellar concentrations of SDS, a medium

described as a template that would stabilize secondary structures

[24]. As shown in Figure 6(A), in the presence of 1 mM SDS the

strong negative band at 198 nm of the far-UV CD spectrum

obtained in buffer was further increased (approx.®35000

degrees [ cm# [dmol−"), and a small 2 nm blue shift was observed.

The effect of temperature on the CD spectrum of the isolated

C-domain was examined. When the temperature was lowered to

5 °C, the strong negative band at 198 nm of the C-domain CD

Figure 6 Far-UV CD spectra of C-domain

(A) The far-UV CD spectra of C-domain in 5 mM 4-morpholine-propanesulphonic acid, pH 7.0,

buffer solution (––), in 40% trifluorethanol (–––) and in 1 mM of SDS (- - - - -). (B) The far-

UV CD spectra of the C-domain at increasing temperatures, 5 °C (––), 25 °C (–––), 55 °C
(– -– -) and 70 °C (- - - - -). The protein concentration was 10 µM.

spectrum increased (in absolute value) and a blue shift was

observed. As the temperature increased (from 5–75 °C), the

spectra show less intense bands with a red shifting. The presence

of an isodichroic point implies that there is an equilibrium

between two conformational states, which may be interpreted as a

defined secondary structure prevailing at low temperatures and

a disordered random coil at high temperatures. Although the CD

studies globally reflect a complex structural behaviour that

deserves further characterization, we suggest that the C-domain

spectra could be the result of the contribution of extended

structures like type II polyproline and}or antiparallel β-sheets.

Since both the functional and the structural properties are not

affected by the loss of the C-terminal part of the protein, the N-

domain in CCH behaves as an independent module that retains

the overall folding and the biological properties assigned to other

metallochaperones. The new C-terminal domain could have been

added ‘ in-line ’, as postulated for other multimodular proteins

[25]. This assembly would explain the lack of interference with

the original intracellular function played by this metallo-

chaperone in single-cell organisms, while allowing a novel or

more complex role related to pluricellularity in plants. In this

sense, we have recently found that [16], while no other metallo-

chaperones leave the cells where they are synthesized, CCH has

to be transported from neighbour cells, since the cells where

CCH is mainly located lack their nuclei and consequently are

unable to transcribe or translate. One could speculate that the

extra C-domain in plants could account for this exclusive plant

characteristic. Very little is known about this type of transport

which is currently a main focus of interest in plant biology, since

it has been proved crucial in processes such as plant signalling

and pathogen spreading [26]. Furthermore, the observation that

SDS probably stabilizes the conformation, points to hydrophobic

interactions that may take place with lipids in �i�o, perhaps

affecting CCH function. Although it requires further study, our

hypothesis that theC-domain is involved in intercellular transport

presents exciting implications where the oligomerization and

conformational properties of the C-domain described here could

have new and, as yet, undiscovered physiological roles.
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