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AtCCS is a functional homolog of the yeast copper chaperone Ccs1/Lys7
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Abstract In plant chloroplasts two superoxide dismutase (SOD)
activities occur, FeSOD and Cu/ZnSOD, with reciprocal regula-
tion in response to copper availability. This system presents a un-
ique model to study the regulation of metal-cofactor delivery to
an organelle. The Arabidopsis thaliana gene AtCCS encodes a
functional homolog to yeast Ccs1p/Lys7p, a copper chaperone
for SOD. The AtCCS protein was localized to chloroplasts where
it may supply copper to the stromal Cu/ZnSOD. AtCCS mRNA
expression levels are upregulated in response to Cu-feeding and
senescence. We propose that AtCCS expression is regulated to
allow the most optimal use of Cu for photosynthesis.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

The two major targets for copper (Cu) delivery within chlo-

roplasts are plastocyanin in the thylakoid lumen and Cu/Zn

superoxide dismutase (Cu/ZnSOD) in the stroma. Superoxide

ions ðO�
2 Þ are formed by the photoreduction of O2 at photosys-

tem-I [1]. Superoxide dismutase (SOD) detoxifies the poten-

tially damaging superoxide to hydrogen peroxide (H2O2) and

O2; for a review see [2]. H2O2 is further reduced to water by

other enzymes in the water–water cycle [1]. Four major SOD

activities are detected in Arabidopsis [3]. The mitochondrial

manganese SOD (MnSOD) is constitutively expressed [3].

One isoform of Cu/ZnSOD is found in the cytosol (CSD1),

whereas another major isoform of Cu/ZnSOD is localized in

the chloroplast stroma (CSD2) [3]. Next to Cu/ZnSOD, the

stroma can also contain the activity of an Fe superoxide dis-

mutase (FeSOD) [3], which is structurally unrelated to Cu/

ZnSOD [2].

To regulate micronutrient distribution but at the same time

avoid metal ion-induced damage, all living organisms have
Abbreviations: CCS, copper chaperone for Cu/Zn superoxide dismu-
tase; Cu/ZnSOD, Cu/Zn superoxide dismutase; FeSOD, Fe superoxide
dismutase; SOD, superoxide dismutase; GFP, green fluorescent pro-
tein; CaMV35S, cauliflower mosaic virus 35S promoter
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evolved mechanisms to acquire and deliver cofactors to target

proteins but at the same time avoid the accumulation of poten-

tially damaging free metal ions in cells [4]. The Arabidopsis

COPT1 gene and its four homologs encode copper transport-

ers that may allow the entrance of Cu into cells [5–7]. Copper is

imported into the chloroplast stroma by the P-type ATPase

PAA1 and mutations in PAA1 affect both stromal Cu/ZnSOD

activity and PC [8]. The Arabidopsis genome encodes a protein

with high sequence similarity to PAA1, called PAA2, which

functions to move Cu into the thylakoid lumen for delivery

to plastocyanin [9].

To avoid improper interactions but also to ensure that the

correct delivery pathway is used, copper ions may be directed

to specific targets while bound to cysteine-containing proteins

known as copper chaperones; for a review see [10]. In yeast,

Ccs1p/Lys7p delivers copper to the Cu/ZnSOD (Sod1p) by a

direct protein–protein interaction [11,12], a function which is

required to maintain the activity of reactive oxygen species

sensitive enzymes involved in lysine and methionine biosynthe-

sis [13]. Since chloroplasts are a site of oxygen production it is

of interest to note that O2 and the copper chaperone for Cu/Zn

superoxide dismutase (CCS) regulate posttranslational activa-

tion of Cu/ZnSOD enzymes [14] by mediating correct disulfide

formation [15]. A single gene, AtCCS encodes for CCS in Ara-

bidopsis [16]. Arabidopsis CCS encodes a protein with a pre-

dicted chloroplast targeting sequence but dual localization in

both cytosol and plastids was predicted if transcripts of alter-

native length are produced [16]. Sequences encoding CCS have

also been found in other higher plants such as tomato [17], po-

tato [18] and maize [19].

The expression and regulation of SOD isoforms in plants

has been a topic of a number of studies, which showed that

oxidative stress, light, and electron transport activity affect

plastidic SOD isoform expression [3,8,20]. It was recently

shown that Cu feeding dramatically affects the activity of FeS-

OD and Cu/ZnSOD isoforms, whereas the activity of MnSOD

is not affected by Cu availability [9]. Arabidopsis plants grown

on media in which Cu is not limiting express Cu/ZnSOD in

the cytosol and stroma. In contrast, plants grown on low

Cu media do not express Cu/ZnSOD in green tissue, which

may allow more efficient Cu delivery to plastocyanin under

these conditions. To allow the dismutation of superoxide an

FeSOD is expressed in the stroma under Cu limitation. Inter-

estingly, in the paa2 mutant, defective in Cu transport to the

thylakoids, an increased expression and activity of Cu/ZnSOD

in the stroma was observed [9]. These observations prompted

us to investigate Cu delivery to stromal Cu/ZnSOD and its

regulation.
blished by Elsevier B.V. All rights reserved.
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2. Materials and methods

2.1. Plant material
Arabidopsis plants, the wild-type ecotype Colombia-0 and the mu-

tant lines paa1-3 [12] and paa2-1 [13] were grown under a 16 h light/
8 h dark cycle on soil at 23 �C. For growth on agar media, seeds were
surface-sterilized and sown on solid 1/2 strength Murashige and Skoog
(1/2 MS) medium including 1% sucrose and 0.4% agargel [21]. The
medium was supplemented with CuSO4 as indicated.

2.2. Expression of green fluorescent reporter protein in isolated

Arabidopsis protoplasts
Messenger RNA isolation from 14-day old seedlings and cDNA syn-

thesis are described [22]. Primers to amplify the cDNA containing the
coding sequence for AtCCS (AGI: At1g12520) by PCR are as follows
(upstream/downstream): 5 0 TACCGCGGTACCATGGCGACTGC-
TCT and 5 0 ATCCGCGGATCCTTAACCCTTACTGGCCAG-
GAAA. The PCR fragments were subcloned in Kpn1/BamH1 digested
pBluescript-SK (Stratagene, San Diego CA). To generate a green fluo-
rescent protein (GFP) fusion, the full-coding sequence of AtCCS was
amplified to introduce Sal1/Nco1 restriction sites for cloning in the
GFP reporter plasmid 35X-SGFP(S65T) [23], generously provided by
Dr. Norbert Rolland (Université Joseph Fourier, France). Enzymes,
cellulase Onozuka R-10 and Macerozyme R-10 were obtained from
Karlan Research Products (Santa Rosa, CA, USA). Protoplasts were
isolated and transformed as described [24]. A confocal laser-scanning
microscope (FVX-IHRT Fluoview Confocal LSM, Olympus, Melville,
NY, USA) with Kr/Ar laser excitation (488 nm) was used to monitor
green fluorescence (530 nm) and red chlorophyll auto fluorescence
(660 nm). Images were captured and processed using Fluoview soft-
ware at a 90·magnification at a scan speed of 0.45 s for 256 · 256 pixel
area. Scan slices were 1.0 lm thick.

2.3. Yeast complementation
The AtCCS mature sequence was cloned under the control of the

constitutive PGK promoter in the yeast shuttle vector pFL61 [25] after
PCR amplification to introduce Not1 restriction sites. The yeast lys7
mutant [13] was obtained from Dr. V. Culotta (Johns Hopkins Univer-
sity). Strains were transformed using the Li-acetate method, trans-
formed colonies were selected on SC minimal media lacking uracil.
Complementation was tested by plating serial dilutions on SC-minimal
media lacking lysine [13] or supplemented with Menadione (sigma, St
Louis, Mo). Plates were incubated at 30 �C for 3 days.

2.4. Miscellaneous methods
Protein was assayed according to [26]. SOD activity assays were per-

formed as described [8]. RNA blots were performed as described [22].
DNA constructs were sequenced in two directions at Davis Sequencing
(Davis, CA, USA). Multiple protein alignments were performed with
the ClustalW program [27].
3. Results

In analogy to the situation in yeast, Cu chaperones may exist,

which deliver Cu to specific targets within the chloroplast.

Although the Arabidopsis genome encodes many proteins with

Cys–x–x–Cys containing possible heavy metal binding do-

mains, our database searches revealed the presence of just

two candidate genes encoding putative soluble proteins with a

heavy metal binding domain and a putative chloroplast target-

ing sequence (AGI nos: At1g12520 and At2g28660). Of these

two genes, one (At1g12520) encodes a protein similar to

Ccs1p/Lys7p, the yeast Cu-chaperone for Cu/ZnSOD. Earlier

database searches suggested that AtCCS may be the only

LYS7-like sequence in Arabidopsis and it has been speculated

that the gene encodes gene products in both plastids and cyto-

sol [16]. The same protein had been identified as a potential

homolog of Ccs1p/Lys7p, however that clone lacked a signifi-
cant portion of the N-terminal sequence [17]. We used RT-

PCR to obtain the full-length protein-coding sequence for

AtCCS. Sequence comparison of the cloned cDNA and the

published genomic sequence (TAIR) indicated the presence of

6 exons and 5 introns (Fig. 1A), an organization that is shared

with the potato homolog [18]. The cDNA sequence confirmed

the exon assignment in the MIPS database (http://mips.gsf.de/

proj/thal/db/) and indicates that it encodes a protein of 320 ami-

no acids. A sequence alignment of AtCCS with other predicted

CCS proteins is shown in Fig. 1B. The N-terminal region of

AtCCS includes a predicted 66-amino acid cleavable chloro-

plast targeting sequence, and similar sequences are found in

the other plant CCS proteins. The predicted mature AtCCS

protein shares a three-domain structure typical of CCS pro-

teins, including a conserved Atx1-like domain with canonical

MxCxxC binding motifs (domain I), a central domain with sim-

ilarity to a portion of Cu/ZnSOD (domain II) and a C-terminal

region which includes two conserved cysteines (domain III).

To investigate if AtCCS is a functional homolog of yeast

Ccs1p/Lys7p the Arabidopsis protein was expressed without

its transit sequence in a yeast lys7 mutant. We tested for func-

tional complementation by assaying the growth phenotype on

media that lack lysine or contain the superoxide generator

menadione (Fig. 2A) and by assaying SOD activity (Fig.

2B). An isogenic wild-type strain and a lys7 mutant trans-

formed with an empty vector were used as controls. Expression

of AtCCS rescues both the growth defect phenotype and SOD

activity in the lys7 mutant. We conclude that AtCCS is func-

tional as a copper chaperone for SOD in yeast.

In order to investigate the intracellular localization of

AtCCS, the coding sequence for full-length AtCCS protein

was fused to the coding sequence for green fluorescent protein

in a transient expression vector under control of the cauliflower

mosaic virus 35S (CAMV35S) constitutive promoter. Isolated

Arabidopsis protoplasts were transformed with this plasmid

and analyzed for GFP expression. Protoplasts transformed

with control CAMV35S:GFP exhibited GFP fluorescence in

the cytosol as shown in Fig. 3. In contrast, AtCCS:GFP is local-

ized in structures corresponding to chloroplasts when com-

pared to red chlorophyll fluorescence, indicating that AtCCS

is imported along with the GFP passenger into chloroplasts.

We analyzed the expression of AtCCS using RNA blots

which indicated that AtCCS is expressed both in root and

shoot tissues (Fig. 4A). A striking increase in AtCCS mRNA

levels was seen in shoots during natural senescence (Fig. 4B).

To investigate the effects of Cu feeding and plastid Cu levels

we compared the mRNA expression in shoot tissue of WT

and paa1 and paa2 mutant plants under different conditions

of Cu supply (Fig. 4C). AtCCS mRNA levels are clearly in-

duced by elevated Cu levels (Fig. 4C). Interestingly, in the

paa2 mutant which accumulates Cu in the stroma [9], AtCCS

mRNA levels were induced at much lower Cu concentrations

compared to the WT and paa1 mutant. RT-PCR experiments

showed that treatment with other metal ions such as Fe did not

induce AtCCS expression.
4. Discussion

The protein encoded by At1g12520 (AtCCS) is most likely

the metallo-chaperone that delivers Cu to CSD2 in the chloro-

http://mips.gsf.de/proj/thal/db/
http://mips.gsf.de/proj/thal/db/


Fig. 1. Sequence alignment and domain structure of Arabidopsis CpCCS. (A) Genomic structure of AtCCS. Exons are indicated by solid boxes,
introns by lines. Primers used to amplify AtCCS cDNA are indicated by arrows. (B) Alignment of the CCS from Arabidopsis (AtCCS), yeast
(ScCCS), humans (HsCCS), tomato (LeCCS) and maize (GmCCS). The predicted chloroplast transit sequence of AtCCS is underlined. Conserved
regions implied in metal binding are indicated by boxes.
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plast stroma, in view of its sequence, the complementation

data and the observed localization in plant cells. However,

AtCCS is the only candidate in the Arabidopsis genome with

high conservation as a copper chaperone for superoxide dis-

mutase. It is therefore possible that AtCCS delivers copper
to both CSD1 and CSD2, perhaps utilizing an alternative

translation start site that skips the chloroplast targeting pep-

tide as was suggested based on bioinformatic data [16]. The

expression of chloroplastic and CSD2 as well as cytosolic

CSD1 is dramatically upregulated by Cu [9] and AtCCS is



Fig. 2. Functional complementation of the yeast lys7/ccs1 mutant by AtCCS. (A) Complementation of the growth phenotype of lys7. S. cerevisiae
wild type and lys7 mutant cells transformed with empty plasmid (vector), or vector-containing yeast LYS7/CCS1 or mature AtCCS were assayed for
growth on SD (Complete), SD without lysine (-Lys), and YPD with 25 lM menadione. Cells were grown in SD lacking uracil to exponential phase
(�A600 = 1.0), spotted in 10-fold serial dilutions starting at A600 = 0.1 and incubated at 30 �C for 3 days. (B) Native gel assay for Cu/ZnSOD activity
in yeast. Wild-type or mutant cells transformed with the indicated plasmids were grown in SD media and cell extracts (10 lg protein) tested for SOD
activity.
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co-regulated with the CSD1 and CSD2 targets indicating an

important role of delivery Cu in the regulation of oxidative

stress protection. Interestingly and consistent with our find-

ings, AtCCS, CSD1 and CSD2 were found to be downregu-

lated together in response to both Zn and Cu deficiency in a

transcript profiling study using micro-arrays [28]. The regula-

tion of AtCCS in response to Cu and senescence may also re-

flect the need for protection from oxidative stress and the need

to buffer excess Cu.

It is of interest to compare the reported phenotypes of plants

that are deficient in stromal Cu/ZnSOD [29] and plastocyanin

[30]. Arabidopsis expresses two plastocyanin genes, that are
Fig. 3. CpCCS is localized in chloroplasts. The coding sequence of the AtC
expressing GFP alone was used as a control. Cells were analyzed 16 h after
closely related in sequence [31,32]. Silencing of both copies

of plastocyanin leads to a very severe growth phenotype [33]

and plants with insertions in both plastocyanin genes cannot

be maintained on soil [30]. Thus, in higher plants, plastocyanin

is an essential protein and it can be expected that Cu delivery

to plastocyanin is a priority for plants. Arabidopsis knock-

down mutants for csd2 were reported to display a very severe

and light-dependent growth phenotype [29]. Photo-reduction

of O2 at PSI is thought to be an important mechanism of

superoxide ion formation [1]. In paa1, the reduced electron

transport rate may diminish the need for photo-protection

via an active water–water cycle because photosystem-I will
CS precursor was fused to GFP and expressed in protoplasts. Plasmid
transformation by confocal microscopy.
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Fig. 5. A model for SOD regulation and Cu delivery in chloroplasts.
Cu enters the chloroplast by the PAA1 transporter. When Cu supply is
sufficiently high, CSD1 and CSD2 and the Cu-chaperone gene CCS are
transcribed. The CSD2 protein functions to detoxify the superoxide
produced as a result of photosynthetic electron transport. Under these
conditions PAA2 can deliver Cu to plastocyanin and both CSD1 and
CSD2 may help to absorb excess available Cu and prevent toxicity.
When Cu supply is limited, the mRNA and protein levels for CSD1,
CSD2 and CCS are reduced while the FeSOD mRNA and protein
become abundant. This regulation allows PAA2 to effectively deliver
Cu to plastocyanin without the need to compete with CCS for Cu
under these limiting conditions.

Fig. 4. mRNA expression analysis of CpCSS. (A) Expression in roots
and shoots. (B) AtCCS expression during senescence. RNA was
prepared from the leaves of adult plants. CCS expression was analyzed
at different senescence stages, indicated by the percentage of yellow leaf
surface. (C) Expression in shoots in response to Cu feeding and in
response to mutations in the chloroplast Cu transporters paa1 and
paa2. Equal amounts of total RNA were loaded and separated on
agarose gels, blotted to Hybond membranes and probed with a AtCCS
probe. All experiments were performed in duplicate. Quantitative data
are the average of two measurements normalized to the control.
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be more oxidized [8]. We hypothesize that for optimal photo-

synthesis, the chloroplast needs to have a Cu delivery system

that balances the activity of lumenal plastocyanin and stromal

SOD enzymes under variable metal supply, ensuring that suf-

ficient SOD activity is present to prevent oxidative damage if

plastocyanin is present and PSI can be reduced (see Fig. 5).

The available data suggest that this is achieved by a reciprocal

regulation of FeSOD and CSD2 expression [9] and regulation

of the copper chaperone for SOD in response to Cu in the

chloroplast (Fig. 4C). On low Cu media WT plants still pro-

duce active plastocyanin, whereas SOD activity is provided

by FeSOD alone. The reduced activity of CSD2 under these

conditions may help save Cu for delivery to plastocyanin in

the lumen. Under Cu sufficient conditions CSD2 is transcribed

and a balanced delivery of Cu to stromal CSD2 (likely via

AtCCS) and to plastocyanin must take place. Under high Cu

conditions in the plastid both plastocyanin and in particular

stromal Cu/ZnSOD may help to buffer Cu concentrations.

We observed the switching between a Cu-enzyme (CSD2)

and an Fe-enzyme (FeSOD) in chloroplasts in response to

nutrient status. A Cu/ZnSOD is not found in cyanobacteria

or in the eukaryotic green algae Chlamydomonas rheinhardtii,

which depend on FeSOD activities and therefore this switching

does not occur in these organisms. Plastocyanin is indispens-

able in plants [30] and therefore a priority for Cu delivery.

However in many algae, including Chlamydomonas a cyto-

chrome-c(6) can functionally replace plastocyanin under low

Cu conditions [34]. This presumably saves Cu for other essen-

tial functions such as respiration, which take priority under Cu

starvation. Thus, Cu delivery pathways in higher plants and al-

gae may have adapted differently to ensure delivery of Cu to

the most essential Cu proteins in each organism.
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[9] Abdel-Ghany S., Müller-Moulé, P., Niyogi, K.K., Pilon, and M.
Shikanai T. (2005) Two P-type ATPases are required for copper
delivery in Arabidopsis thaliana chloroplasts. Plant Cell, in press;
http://www.plantcell.org/cgi/rapidpdf/tpc.104.030452v1.

[10] Harrison, M.D., Jones, C.E., Solioz, M. and Dameron, C.T.
(2000) Intracellular copper routing: the role of copper chaperones.
Trends Biochem. Sci. 25, 29–32.

[11] Lamb, A.L., Torres, A.S., Halloran, T.V. and Rosenzweig, A.C.
(2001) Heterodimeric structure of superoxide dismutase in com-
plex with its metallochaperone. Nat. Struct. Biol. 8, 751–755.

[12] Rae, T.D., Torres, A.S., Pufahl, R.A. and O�Halloran, T.V.
(2001) Mechanism of Cu,Zn-superoxide dismutase activation by
the human metallochaperone hCCS. J. Biol. Chem. 276, 5166–
5176.

[13] Culotta, V.C., Klomp, L.W., Strain, J., Casareno, R.L., Krems,
B. and Gitlin, J.D. (1997) The copper chaperone for superoxide
dismutase. J. Biol. Chem. 272, 23469–23472.

[14] Brown, N.M., Torres, A.S, Doan, P.E. and Halloran, T.V. (2004)
Oxygen and the copper chaperone CCS regulate posttranslational
activation of Cu,Zn superoxide dismutase. Proc. Natl. Acad. Sci.
USA 101, 5518–5523.

[15] Furukawa, Y., Torres, A.S. and Halloran, T.V. (2004) Oxygen-
induced maturation of SOD1: a key role for disulfide formation
by the copper chaperone CCS. EMBO J. 23, 2872–2881.

[16] Wintz, H. and Vulpe, C. (2002) Plant copper chaperones.
Biochem. Soc. Trans. 30, 732–735.

[17] Zhu, H., Shipp, E., Sanchez, R., Liba, A., Stine, J., Hart, P.J.,
Gralla, E., Nersissian, A. and Valentine, J. (2000) Cobalt(2+)

binding to human and tomato copper chaperone for superoxide
dismutase: implications for the metal ion transfer mechanism.
Biochemistry 39, 5413–5421.

[18] Trindade, L.M., Horvath, B.M., Bergervoet, M.J.E. and Visser,
R.G. (2003) Isolation of a gene encoding a copper chaperone for
the copper/zinc superoxide dismutase and characterization of its
promoter in potato. Plant Physiol. 133, 618–629.

[19] Ruzsa, S.M. and Scandalios, J.G. (2003) Altered Cu metabolism
and differential transcription of Cu/ZnSod genes in a Cu/ZnSOD-
deficient mutant of maize: evidence for a Cu-responsive tran-
scription factor. Biochemistry 42, 1508–1516.

[20] Tsang, E.W., Bowler, C., Herouart, D., Van Camp, W., Villar-
roel, R., Genetello, C., Van Montagu, M. and Inze, D. (1991)
Differential regulation of superoxide dismutases in plants exposed
to environmental stress. Plant Cell 3, 783–792.

[21] Murashige, T. and Skoog, F. (1962) A revised medium for rapid
growth and bioassays with tobacco tissue culture. Physiol. Plant.
15, 437–497.

[22] Burkhead, J., Abdel-Ghany, S., Morrill, J., Pilon-Smits, E.A.H.
and Pilon, M. (2003) The Arabidopsis thaliana CUTA gene
encodes an evolutionarily conserved copper binding chloroplast
protein. Plant J. 34, 856–867.

[23] Miras, S., Salvi, D., Ferro, M., Grunwald, D., Garin, J., Joyard,
J. and Rolland, N. (2002) Non-canonical transit peptide for
import into the chloroplast. J. Biol. Chem. 277, 47770–47778.

[24] Sheen, J. (2001) Signal transduction in maize and Arabidopsis
mesophyll protoplasts. Plant Physiol. 127, 1466–1475.

[25] Minet, M., Dufour, M.-E. and Lacroute, F. (1992) Complemen-
tation of Saccharomyces cerevisiae auxotrophic mutants by
Arabidopsis thaliana cDNAs. Plant J. 2, 417–422.

[26] Bradford, M.M. (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein–dye binding. Anal. Biochem. 72, 248–254.

[27] Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) CLUS-
TALW: improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap pen-
alties and weight matrix choice. Nucleic Acids Res. 22, 4673–4680.

[28] Wintz, H., Fox, T., Wu, Y., Feng, V., Chen, W., Chang, H., Zhu,
T. and Vulpe, C. (2003) Expression profiles of Arabidopsis
thaliana in mineral deficiencies reveal novel transporters involved
in metal homeostasis. J. Biol. Chem. 278, 47644–47653.

[29] Rizhsky, L., Liang, H. and Mittler, R. (2003) The water–water
cycle is essential for chloroplast protection in the absence of stress.
J. Biol. Chem. 278, 38921–38925.

[30] Weigel, M., Varotto, C., Pesaresi, P., Finazzi, G., Rappaport, F.,
Salamini, F. and Leister, D. (2003) Plastocyanin is indispensable
for photosynthetic electron flow in Arabidopsis thaliana. J. Biol.
Chem. 278, 31286–31289.

[31] Vorst, O., Oosterhoff-Teertstra, R., Vankan, P., Smeekens, S. and
Weisbeek, P. (1988) Plastocyanin of Arabidopsis thaliana; isola-
tion and characterization of the gene and chloroplast import of
the precursor protein. Gene 65, 59–69.

[32] Schubert, M., Petersson, U.A., Haas, B.J., Funk, C., Schroder,
W.P. and Kieselbach, T. (2002) Proteome map of the chloroplast
lumen of Arabidopsis thaliana. J. Biol. Chem. 277, 8354–8365.

[33] Gupta, R., He, Z. and Luan, S. (2002) Functional relationship of
cytochrome c(6) and plastocyanin in Arabidopsis. Nature 417,
567–571.

[34] Merchant, S. (1998) in: The Molecular Biology of Chloroplasts
and Mitochondria in Chlamydomonas (Rochaix, J.-D., Goldsh-
midt-Clermont, M. and Merchant, S., Eds.), pp. 597–611, Kluwer
Academic Publishers, Dordrecht.

http://www.plantcell.org/cyi/rapidpdf/tpc.104.030452v1

	AtCCS is a functional homolog of the yeast copper chaperone Ccs1/Lys7
	Introduction
	Materials and methods
	Plant material
	Expression of green fluorescent reporter protein in isolated Arabidopsis protoplasts
	Yeast complementation
	Miscellaneous methods

	Results
	Discussion
	Acknowledgments
	References


