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Introduction 

Copper is an essential trace element in biology. In 
humans, it is required by more than 30 enzymes. 
Erominent examples are lysyl oxidase, super- 
oxide dismutase, cytochromecoxidase, or dop- 
amine ß-hydroxylase. In these and other 
enzymes, copper functions as a cofactor for the 
catalysis of redox reactions. On the other hand, 
excess copper can be toxic by initiating the forma- 
tion of oxygen reactive radicals which can oxidize 
proteins, nucleic acids and lipids, leading to cell 
damage. Thus, the maintenance of balanced 
copper levels is crucial. Genes involved in copper 
homeostasis have recently been identified in 
bacteria, yeast and humans [1-14]. 

In the Gram-positive bacterium Enterococcus 
hirae, copper homeostasis has been extensively 
studied. It is accomplished by the cop operon, 
which consists of four genes: copY, copZ, copA, 
and copB (Fig. 1). CopA and CopB encode P-type 
ATPases of 727 and 745 amino acids respectively. 
CopA pumps copper into the ceils when copper is 
limiting, while CopB is responsible for the extru- 
sion when copper reaches toxic levels [15,16]. The 
two ATPases are co-regulated in a bi-phasic man- 
ner: excess (>0.1 mM) as well as iimiting (<10uM) 
copper induces the cop operon. This regulation is 
controlled by CopY and CopZ, two hydrophilic 
proteins of 145 and 69 amino acids respectively 
[2,17]. CopY is a copper-responsive repressor of 
the cop operon [18] while CopZ functions as a 

metal chaperone that routes copper intracellu- 
larly. 

In humans, mutations in two genes lead to dys- 
regulation of copper. These genes, ÁTP7A and 
ATP7B, encode copper ATPases which share 
sequence similarity with CopA and CopB of E. 
hirae. Mutations in ATP7A cause Menkes disease, 
while mutations in ATPyBTSSâ to Wilson disease. 
Menkes disease is a rare X-linked recessive disor- 
der resulting in severe copper deficiency. 
Affected boys suffer from progressive neurologi- 
cal degeneration, connective-tissue defects, and 
hypothermia. A hallmark of Menkes disease is 
the development of pili torti or 'kinky hair' some 
weeks after birth. Therefore Menkes disease is 
also referred to as kinky hair syndrome. The 
Menkes ATPase is expressed in several tissues 
including intestine, heart, and brain, but not in 
the liver. In the liver, the Wilson ATPase is 
responsible for copper extrusion. Wilson disease 
is an autosomal recessive disease leading to an 
accumulation of copper mainly in the liver, brain, 
and characteristically in the cornea, leading to 
Kayser-Fleischer rings. Liver cirrhosis and vari- 
ous neuropsychiatrie symptoms dominate the 
clinical picture. 

Since the cloning of the first copper ATPases in 
£. hirae [1], there has been a rapid expansion in 
the field of heavy metal homeostasis. Mechanistic 
studies in various model organisms have been 
put forward. We report here two approaches 
used to unravel and contribute to the understand- 
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Figure 1. Model of copper homeostasis f. hirae: CopA, copper(l) import ATPase; CopB, copper export ATPase; P, 
promoter region; CopY, copper responsive represser of the cop-operon; CopZ, copper chaperone affecting intracellu- 

iar copper routing. 

ing in this field. One is the regulation of copper in 
£. hirae and the other is the functional expression 
of the Menkes ATPase in frog oocytes. 

Copper homeostasis in E. hirae 

Copper ATPases 
E. hirae possesses two copper ATPases, CopA and 

CopB. They belong to a new subclass of the P- 
type ATPases, the CPx-type ATPases. Common 
to all P-type ATPases are the domains for aspartyl 
kinase, phosphatase and ATP-binding (Fig. 2). 
The CPx-type ATPases have, in addition, (1) one 
or more CxxC heavy metal binding motifs in the 
N-terminus; (2) a conserved intramembranous 
CPx motif; (3) a conserved HP locus, and (4) a 

0    CxxC copper binding domain 

f^   phosphatase-domain 

•i'      CPs transduction 

I     aspartyl-kinase domain 

)     ATP-binding-domain 

A    eonserved HP motif 

Figure 2 Key features of CPx-type ATPases: Features are depicted on the exampies of the Menkes ATPase and the £. 
hirae CopA ATPase. CxxC is the conserved core feature of the heavy metal domains, of which the Menkes ATPase fea- 

tures six and CopA only one. 
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Figure 3 Amino acid sequence alignment of copper chaperones: Identical amino acids are shaded and the conserved 
motif CxxC is boxed. ATXl, yeast chaperone donating copper to the CCC2 Cu-ATPase; HAHl, human homologue of 
ATXl ; CCS and LYS7, the respective human and yeast copper chaperones donating copper to Superoxide dismutase. 

membrane topology very different from that of 
non-heavy metal ATPases [19,20]. 

The evidence for the role of CopA in copper 
uptake is still indirect. Disruption of the copÁ 
gene did not significantly affect cell growth. 
However, these mutant cells ceased to grow in 
media where copper was complexed with 8- 
hydroxyquinoline or o-phenanthroline, suggest- 
ing a role for CopA in importing copper under 
limiting conditions. This is farther supported by 
the observation that cells disrupted in the copA 
gene are more resistant to silver(I) than the wad- 
type. Thus, the CopA ATPase appears to provide 
a route for Ag+ (and Cu+) into the cell [17]. 

For the CopB ATPase, copper transport could 
directly be demonstrated. In inside-out mem- 
brane vesicles of £. hirae, CopB catalyzed ATP- 
dependent accumulation of Cu(l) and Ag(I). This 
would correspond to copper extrusion in whole 
cells [16]. In addition, copB disrupted cells were 
intolerant to copper, while copA null mutants 
were not affected [17]. 

Regulation 
CopY regulates the cop operon by acting as a cop- 
per-inducible represser. The consensus copper 
binding domain of CopY, CxCx, sCxC, is also 
found in the yeast copper responsive transcrip- 
tional activators, ACEl and MACl [21,22]. Null- 
mutants in copY strongly overexpressed CopA 
and CopB [2]. Two CopY binding sites on the pro- 
moter, each approximately 30 basepairs in length, 
were mapped by DNasel footprinting and found 
to encompass an inverted repeat. The transcrip- 
tionai start site mapped between the two repres- 
sor binding sites in the center of this inverted 

repeat. Binding of CopY to the promoter was also 
demonstrated in vitro by band shift experiments. 
The metal ions Cu+, Ag+ and Cd2+ that induced 
the cop operon in vivo also released CopY from the 
DNA in vitro, suggestingTHëtal induced release 
of CopY from the promoter as the induction 
mechanism [18]. 

Intracellular copper routing 
In recent years, a new class of copper homeostatic 
proteins, known as the chaperones, has attracted 
considerable attention. These intracellular pro- 
teins bind copper at the point of entry and trans- 
fer the ions to specific sites. Thereby, they protect 
cells from the potentially toxic effects of reactive 
heavy metal ions. CopZ, an 8 kDa protein, 
appears to act as a copper chaperone in £. hirae. It 
shares a consented copper binding motif of con- 
sensus CxxC with a number of known heavy 
metal binding proteins and chaperones (Fig. 3). 
The overall sequence similarity between these 
proteins is 46-55%. Strong indirect evidence indi- 
cates that the yeast homologue of CopZ, ATXl, 
catalyzes copper transfer to the CCC2 copper 
ATPase, localized in the irans-Golgi network [23]. 
HAHl is the human homologue of ATXl and 
probably functions similarly in the delivery of 
copper to the Menkes and Wilson copper 
ATPases [24]. Similarly, the human CCS protein 
and its yeast homologue LSY7 appear to catalyze 
Cu(I) incorporation into Cu-Zn Superoxide dis- 
mutase [25]. 

It was shown that CopZ could bind copper(I) 
or silver (I). Preliminary NMR structural data 
indicated that CopZ has'a ßaßßaß fold (Fig. 4, R. 
Wimmer, M. Solioz, and K. Wüthrich, unpub- 
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Figure 4 Mode! of the three-dimensional structure of 
CODZ: The structure was nnodeiled after the known struc- 
ture of MerP/lraing SWISS-MODEL [30]. 

lished). This structure resembles those found for 
the bacterial mercury chaperone MerF and the 
forth copper biijding domain of the Menkes 
ATPase 126,27]. Striking features of the CopZ 
structure are a distinct acidic ancl an alkaline sur- 
face patch, respectively. They may be important 
for specific protein-protein interactions of CopZ 
with copper donating and copper accepting sites 
and thus the transfer of copper between proteins. 
The most convincing evidence, thus far, of CopZ 
functioning as a chaperone comes from the 
demonstration of direct transfer of copper from 
Cu(I)CopZ to the represser CopY in vitro. This 
interaction appeared to be highly specific: the 
CopZ-like fourth metal binding domain of the 
Menkes ATPase failed to donate copper to CopY 
{Cobine et al, submitted). 

However, CopZ does not appear be essential 
for the ceils. Mutants disrupted in the copZ gene 
did not exhibit increased sensitivity to copper. To 
the contrary, when CopZ was overexpressed in a 
AcopZ mutant, the cells became copper sensitive 
(Fig. 5). This suggests that excessive Cu(I)CopZ is 
toxic, possibly because copper bound to CopZ 
is relatively exposed and can still engage in 
free-radical forming reactions. Interestingly, the 
yeast homologue of CopZ, ATX1, did not induce 
copper sensitivity in E. hirae, possibly due to 
lower expression level or a lack of specific inter- 
action with copper donating and/or accepting 
proteins. 

Expression ofATPJA in Xenopus laevis oocytes 

The Menkes disease gene encodes a copper 
ATPase that bears surprising similarity to CopA 
of E. hirae (43% sequence identity). The predicted 
protein product of 1500 amino acids clearly 
belongs to the subclass of CPx-type ATPases. It 
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Figure 5 Effect of CopZ expression on the copper resis- 
tance of E. hirae: Cells were grown in media containing 
increasing concentrations of CUS04 and growth moni- 
tored by following the optical density at 546 nm. Growth 
rate was calculated as l/doubling time. #, E. /7/rae wild- 
type; O, AcopZ mutant; <, AcopZ mutant complemented 
a plasmid bearing the yeast Atxl gene; •, AcopZ mutant 
complemented with a plasmid bearing the copZgene. 

has eight predicted transmembrane helices and 
six copper binding domains, instead of one as in 
CopA of £. hirae (cf. Fig. 2). Copper transport by 
the Menkes ATPase has recently been demon- 
strated in membrane vesicles form Chinese ham- 
ster ovary cells expressing the enzyme 
approximately 50-fold [28]. However, this system 
is not very versatile and we endeavored to 
develop an oocyte system for the functional 
expression of human wild-type and mutant 
forms of the Menkes ATPase. 

Oocytes of Xenopus laevis allow the heterolo- 
gous expression and functional testing of mem- 
brane proteins. Previously, several membrane 
pumps and transport activity measures have 
been expressed in this system [29]. To monitor 
expression levels and to track the cellular location 
of the Menkes ATPase in oocytes, we fused the C- 
terminus of the ATPase with the green fluores- 
cent protein (GFP). This chimera was transcribed 
in vitro from a T3 promoter with T3 polymerase, 
5'capped and polyadenylated. Oocytes injected 
with this mRNA expressed the Menkes-GFP 
fusion protein, as determined by Western blot- 
ting (Fig. 6). The native form of the Menkes 
ATPase was similarly expressed. Confocal fluo- 
rescent microscopy allowed us to localize the 
Menkes-GFP fusion protein to the plasma mem- 
brane. This system should thus be ideally suited 
to directly measure copper transport by the 
Menkes ATPase. CopA of E. hirae has been shown 
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to transport not only copper(I) but also silver(ï) 
[16]. The measurement of silver transport there- 
fore represents an alternative to investigate the 
function of the Menkes ATPase. In our oocyte 
system, transport can be measured in both direc- 
tion by either incubating eggs with copper or sil- 
ver isotopes and rheasuring uptake, or by 
injecting eggs with the radioisotope and assess- 
ing efflux. 

Conclusion 

Heavy metal homeostasis is a relatively unex- 
plored field, though, in the last few years there 
has been a huge effort to understand the regula- 
tion of trace metals in living organisms. We have 
come to realize that copper homeostasis is an 
active process. Several copper ATPases and regu- 
latory proteins have been cloned and studied. A 
relatively complete picture of copper homeostasis 
has emerged for E. hirae. in humans, the inherited 
Menkes and Wilson disease have now been 
clearly linked to defects in transmembranous 
copper transport. Therapeutic treatments of these 
diseases are not always satisfactory. This has pro- 
vided a strong impetus to understand the molec- 
ular function of the Menkes and Wilson ATPases 
and, more generally, the basis of mammalian cop- 
per homeostasis. Many components of copper 
homeostatic systems appear to have been con- 
served from bacteria to man. Study of bacterial, 
yeast and mammalian systems can thus provide 
complementing pieces to the puzzle of the com- 
plex copper homeostatic systems that operate in 
living organisms. 
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Figure 6. Menkes ATPase expression in 
oocytes: Oocytes were injected with water or 
Menkes/Menkes-GFP mRNA and expression 
analyzed by Western blotting with an anti- 
Menkes antibody. Lane 1, Chinese hamster 
ovary celis ove rex pressing Menkes ATPase; 
lanes 2 and 4, water injected controls; lanes 3 
and 6, oocytes injected with Menkes mRNA; 
lane 5, oocytes injected with Menkes-GFP 
mRNA. The arrowhead corresponds to the 
190 kDa Menkes ATPase. The prominent 
band of lower molecular weight Is due to a 
nonspecific interaction of the antibody with 
an endogenous oocyte protein. 

for help with the oocyte work. This work was 
supported by grant 3200-046804 from the Swiss 
National Foundation. 

References 

1 Odermatt A, Suter H, KrapTÜTSolioz M. An ATPase 
operon involved in copper resistance by Enterococ- 
cus hiroe. Ann N Y Acad Sei 1992; 671:484-^. 

2 Odermatt A, Solioz M. Two fmns-acting metailoreg- 
ulatory proteins controlling expression of the cop- 
per-ATPases of Enterococcus hirae. J Biol Chem 1995; 
270:4349-54. 

3 Phtmg LT, Ajlani G, Haselkorn R. P-type ATPase 
from the cyanobacterium Synechococcus 7942 related 
to the human Menkes and Wilson disease 
gene poroducts. Proc Nati Acad Sei USA 1994; 91: 
9651-4. 

4 Trenor C, III, Lin W, Andrews NC. Novel bacterial 
P-type ATPases with histidine-rich heavy-metal- 
assodated sequences. Biochem Biophys Res Com- 
mun 1994; 205:1644-50. 

5 Melchers K, Weitzenegger T, Buhmann A, Stein- 
hilber W, Sachs G, Schäfer KP. Cloning and mem- 
brane topology of a P type ATPase from Helicohacxer 
jrylori. J Biol Chem 1996; 271:446-57. 

6 Rad MR, Kirchrath L, Hollenberg CP. A putative P- 
type Cu2'-iransporting ATPase gene on chromo- 
some II of Saccharomyces cerevisiae. Yeast 1994; 10: 
1217-25. 

7 Fu D, Beeler TJ, Dtmn TM. Sequence, mapping and 
disruption of CCC2, a gene that cross-complements 
the Ca2+-sensitive phenotype of csgl mutants and 
encodes a P-type ATPase belonging to the Cu2+- 
ATPase subfamily. Yeast 1995; 11:283-92. 

8 Danois A, Yuan DS, Halle D, et al. Molecular charac- 
terization of a copper transport protein in S. cere- 
visiae - an unexpected role for copper in iron 
transport. Cell 1994; 76:393-402. 

9 Valentine JS, Gralla EB. Delivering copper inside 
yeast and human cells. Sdence 1997; 278: 817-18. 



K-D. Bissig et al 

10 Bull PC, Thomas GR, Rommens JM, Forbes JR, Cox 
DW. The Wilson disease gene is a putative copper 
transporting P-type ATPase similar to the Menkes 
gene. Nature Genet 1993; 5:327-37. 

11 Tanzi RE, Fetnikhin K, Chernov I, et al. The Wilson 
disease gene is a copper transporting ATPase with 
homology to the Menkes disease gene. Nature Genet 
1993; 5:344-50. 

12 Chelly J, Turner Z, Tonnesen T, et al. Isolation of a 
candidate gene for Menkes disease that encodes a 
potential heavy metal binding protein (see com- 
ments). Nature Genet 1993; 3:14-19. 

13 Vulpe C, Levinson B, Whitney S, Packman S, 
Gitschier J. Isolation of a candidate gene for 
Menkes disease and evidence that it encodes a 
copper-transporting ATPase. Nature Genet 1993; 3: 
7-13. 

14 Mercer ¡fB, Livingston J, Hall B, et al. Isolation of a 
partial candidate gene for Menkes disease by posi- 
tional cloning. Nature Genet 1993; 3:20-25. 

15 Odermatt A, Krapf R, Solioz M. Induction of the 
putative copper ATPases, CopA and CopB, of Ente- 
rococcus hiraehy Ag+ and Cu2*, and Ag+ extrusion by 
CopB. Biochem Biophys Res Commun 1994; 202: 
44-8. 

16 Solioz M, Odermatt A. Copper and silver transport 
by CopB-ATPase in membrane vesicles of Enterococ- 
¿us Mme. J Biol Chem 1995; 270:9217-21. 

17 Odermatt A, Suter H, Krapf R, Solioz M. Primary' 
structure of two P-type ATPases involved in copper 
homeostasis in Enterococcus hirae. J Bioi Chem 1993; 
268:12775-9. 

18 Strausak D, Solioz M. CopY is a copper-inducible 
repressor of the Enterococcus Mme copper ATPases. ] 
Biol Chem 1997; 272:8932-6. 

19 Solioz M, Vulpe C. CPx-type ATPases: a class of P- 
type ATPases that pump heavy metals. Trends 
Biochem Sei 1996; 21: 237-41. 

20 Lutsenko S, Kaplan JH. Organization of P-type 
ATPases: Significance of structural diversity. Bio- 
chemistry 1995; 34:15607-13. 

21 Fürst P, Hamer D. Cooperative activation of a 
eukaryotic transcription factor: interaction between 
Cu(I) and veast ACE1 protein. Froc Nati Acad Sei 
USA 1989; 86:5267-71. 

22 Jungmann J, Reins HA, Lee JW, et al. MACl, a 
nuclear regulatory protein related to Cu-dependent 
transcription factors is involved in Cu/Fe utilization 
and stress resistance in yeast. EMBO J 1993; 12: 
5051-6. 

23 Lin SJ, Pufahi RA, Dancis A, O'Halloran TV, Culotta 
VC. A role for the Saccharomyces cerevisiae ATX1 
gene in copper trafficking and iron transport. J Biol 
Chem 1997; 272:9215-20. 

24 Klomp LW, Lin SJ, Yuan DS, Klausner RD, Culotta 
VC, Gitlin JD. Identification and functional expres- 
sion of HAH1, a novel human gene involved in cop- 
per homeostasis. J Biol Chem 1997; 272:9221-6. 

25 Culotta VC, Klomp LW, Strain J, Casareno RL, 
Krems B, Gitlin ID. The copper chaperone for 
Superoxide  dismutase.   J   Biol  Chem   1997;  272: 
23469-72. 

26 Steele RA, Opella SJ. Structures of the reduced and 
mercury-bound forms of MerP, the periplasmic pro- 
tein from the bacterial mercury detoxification sys- 
tem. Biochemistry 1997; 36:6885-95. 

27 Gitschier J, Moffat B, Reilly D, Wood WI, Fairbrother 
WJ. Solution structure of the fourth metal-binding 
domain from the Menkes copper-transporting 
ATPase [see comments]. Nat Struct Biol 1998; 5: 
47-54. 

28 Voskoboinik I, Brooks H, Smith S, Shen P, 
Camakaris J. ATP-dependent copper transport by 
the Menkes protein in membrane vesicles isolated 
from cultured Chinese hamster ovary cells. FEBS 
Lett 1998; 435:178-82. 

29 Sigel E, Use of Xenopus Oocytes for the Functional 
Expression of Plasma Membrane Proteins. J Membr 
Biol1990;117:201-21. 

30 Guex N, Peitsch MC. SWISS-MODEL and the Swiss- 
PdbViewer: an environment for comparative pro- 
tein modeling. Electrophoresis 1997; 18:2714-23. 

FOOü 

G.RC 
division of Nutritional Si 

Ithaca, NY, USA 

Introd 

Although the world nc 
enough total food to me« 
protein needs [1,2], defid 
including trace elements 
world's population [3] (j 
quate diets, a third of the 
reach their physical and 
many are made vulneratí 
that account for half of 
Nutritional deficiencies ; 
ductivity and increase tl 
death in adults. Many on 

Fable 1.    The most promlneF 

Problem Trace eier 
prob ¡em í 

Low birth weight 
and stunting 

Anemia 

Insufficiet 
Zn, Fe 
Insufficier 
Fe 

Goiter insufficien 

Cretinism msufficieri 
Cardiomyopathy     fnsufficien 

"Other deficiencies, notably those 
tribute to many of these and other U 

Correspondence: Gerald F. Cc 
NY 14853, USA. Fax; +607-255 

New aspects of trace element i 
©1999, Smith-Gordon. Printed 


