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The human copper transporter 1 gene (hCTR1) was previously

identified by functional complementation in ctr1-deficient yeast.

Overexpression of hCTR1 in wild-type yeast leads to increased

sensitivity to copper toxicity, and mice with a homozygous

disruption at the Ctr1 locus die early during embryogenesis. It is

proposed that hCTR1 is responsible for high-affinity copper

uptake into human cells, but the underlying molecular mech-

anisms are unknown. To begin to investigate the biochemical

characteristics of hCTR1, a polyclonal antiserum was raised

against recombinant hCTR1-fusion peptides. Biosynthetic

studies using this antiserum revealed that hCTR1 was synthesized

as a precursor protein of 28 kDa containing N-linked oligo-

saccharides, and is then converted to a mature protein of approx.

35 kDa, which is ubiquitously expressed. Immunofluorescence

studies showed that subcellular hCTR1 localization differed

INTRODUCTION

The transition metal copper is an essential trace element required

for a variety of cellular processes, such as oxidative metabolism,

neurotransmitter synthesis, free radical detoxification, iron up-

take and maturation of connective tissue [1,2]. At elevated levels,

copper can be toxic to the cell. One mechanism of toxicity is

believed to involve the metal-catalysed generation of hydroxyl

radicals in the Fenton reaction [3,4]. To balance the beneficial

and toxic effects of this essential ion, all organisms possess

homoeostatic mechanisms that properly control the cellular

accumulation, distribution and detoxification of copper. The

importance of maintaining the critical balance is underscored by

the existence of two human genetic diseases in copper transport,

Wilson disease and Menkes disease [5–10], which are charac-

terized by copper accumulation and copper deficiency respect-

ively.

Studies of cellular copper uptake in Saccharomyces cere�isiae

have shown that copper is imported by two high-affinity copper-

transport proteins, yCtr1p and yCtr3p [11,12]. Subsequently

copper is carried to subcellular compartments or copper-de-

pendent enzymes through the action of target-specific copper

chaperone proteins that include Atx1 [13], yCCS [14] and yCox17

[15]. Consistent with the marked evolutionary conservation of

the cellular mechanisms of copper homoeostasis, human ortho-

logues of these copper chaperones have been characterized

[14,16,17]. The human copper transporter 1 gene (hCTR1) was

identified previously by functional complementation of the

growth defect on non-fermentable medium of yeast cells defective
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markedly between cell types. In some cell lines, hCTR1 was

located predominantly in an intracellular vesicular perinuclear

compartment, and in others hCTR1 was located predominantly

at the plasma membrane. In contrast with the copper export P-

type ATPases mutated in Wilson disease and Menkes disease, the

localization of hCTR1 was not influenced by copper concen-

trations. Inhibition of endocytosis by methyl-β-cyclodextrin

caused a partial redistribution of hCTR1 to the cell surface of

HeLa cells. Taken together, the results in this study suggest a

cell-specific control of copper uptake, which involves subcellular

localization of the hCTR1 protein.

Keywords: cell surface exposure, copper transport, solute carrier,

N-linked glycosylation, perinuclear compartment.

in copper transport, due to inactivation of both the yCTR1 and

yCTR3 genes [18]. hCTR1 is a 190-amino-acid protein with

significant primary sequence similarity to yCtr1p and yCtr3p. The

N-terminal domain of hCTR1 is rich in methionine and histidine

residues, reminiscent of the methionine-rich N-terminal domain

of yCtr1p, but it is much shorter than its yeast orthologue.

Furthermore, like the S. cere�isiae Ctr1 and Ctr3 proteins,

analysis of the membrane topology predicts the presence of three

transmembrane domains. However, the topology of hCTR1 has

not been experimentally addressed. Importantly, it was shown

that mice with a homozygous disruption at the mCtr1 locus have

severe developmental defects and die in utero, presumably of

copper deficiency [19,20]. Taken together with the ubiquitous

expression of mCtr1 during development [19,21], these findings

suggest a crucial role for CTR1 in mammalian copper homoeo-

stasis and embryonic development.

Despite the known essential role of CTR1, the molecular

mechanisms of copper import into cells are not completely

understood. It is proposed that like yCtr1p, hCTR1 is responsible

for high-affinity copper uptake into human cells [18]. Immortal-

ized cells transfected with cDNA constructs encoding hCTR1

and mCTR1 accumulate excess '%Cu, suggesting that CTR1 rep-

resents the rate-limiting step in the delivery of copper to the

cytosol [20,22], but it is unknown if CTR1 forms a plasma-

membrane copper permease. In the present study, we have

addressed the biochemical characteristics and the subcellular

expression pattern of hCTR1 using a rabbit antiserum raised

against a recombinant hCTR1-fusion peptide.
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EXPERIMENTAL

Cloning and expression of recombinant hCTR1

The region encoding the N-terminus of hCTR1 (amino acid

residues 1–67) was amplified by PCR. We used the following

specific oligonucleotides (Amersham Pharmacia Biotech, Little

Chalfont, Bucks., U.K.) containing either a BamHI (5«-
CGG GAT CCG ATC ATT CCC ACC ATA TGG G-3«) or a

SalI (5«-CAG TCG ACT CCA GCT GTA TTG ATC ACC A-

3«) restriction site (underlined) added to their 5« ends. The PCR

fragment was digested with BamHI and SalI, and was inserted

into the prokaryotic expression vector pQE30 (Qiagen, Hilden,

Germany) to generate a cDNA encoding the N-terminus of

hCTR1 tagged with six histidine residues (hCTR1-N}6His). The

correct open reading frame was confirmed by direct sequencing.

The His
'
-tagged fusion protein was purified from the transformed

Escherichia coli strain M15(pREP4). The protein was dialysed

against 0.1 M NaH
#
PO

%
}0.01 M Na

#
CO

$
, pH 5.0. Protein purity

was ascertained by SDS}PAGE (12.5% gel), followed by Coo-

massie Brilliant Blue staining. The recombinant full-length

fumaryl acetoacetate hydrolase (FAH) protein tagged with six

histidines residues (FAH}6His) was prepared in a similar manner

(I.E.T. van den Berg and R. Berger, unpublished work).

Antiserum generation

Antiserum to hCTR1 was obtained by serial immunization of

rabbits with the purified recombinant hCTR1-N}6His protein.

Purified protein (250 µg) in an emulsion with Freund’s adjuvant

(Sigma, St. Louis, MO, U.S.A.) was injected subcutaneously.

The crude antisera were affinity purified using hCTR1-N}6His

coupled to CNBr-activated SepharoseTM 4B beads in accordance

with the manufacturer’s instructions (Sigma), and reconstituted

in the original volume before utilization. In competition experi-

ments, 10 µl of antiserum was incubated with 20–40 µg of purified

antigen for 1 h at 4 °C.

Cloning of VSV-G tagged hCTR1

The full-length hCTR1 open reading frame was amplified by

PCR using primers 5«-AAA ATG GAT CAT TCC CAC CAT-

3« and 5«-TCA CTT TCC TAG TCG GTT CAT CTC GAT

GTC AGT GTA ATG GCA ATG CTC TGT GAT-3«. This

resulted in a 3« vesicular-stomatitis-virus glycoprotein (VSV-G)-

tagged hCTR1 cDNA [23]. This cDNA was cloned into pZeoSV2

(Invitrogen, Carlsbad, CA, U.S.A.), and the correct sequence

was confirmed by direct sequencing. VSV-G-tagged hCTR1 was

synthesized in �itro with the TNT-coupled reticulocyte lysate

system (Promega, Madison, WI, U.S.A.) according to the

manufacturer’s instructions, using the construct described above

as template. Hybridoma clone P5D4 [anti-(VSV-G) antibody]

was kindly provided by Dr J. Fransen (Department of Cell

Biology, Nijmegen University, Nijmegen, The Netherlands).

Cell cultures

Cell lines were purchased from the A.T.C.C. (Rockville, MD,

U.S.A.). Cells were cultured at 37 °C under humidified air

containing 5% CO
#
, and according to the supplier’s instructions.

Culture media and solutions were purchased from Life Technolo-

gies (Breda, The Netherlands). For some experiments, cells were

cultured in the presence of 400 µM CuCl
#

for 2 h or 50 µM

bathocuproine disulphonic acid (Sigma) for 16 h in medium

containing no fetal calf serum.

Nocodazole treatment was performed by incubating the cells

in the presence of 20 mM nocodazole (Sigma) for 4 h at 37 °C in

medium containing no fetal calf serum. The effect of Brefeldin A

(BFA)was studied by incubating cells in the presence of 10 mg}ml

BFA for 1–4 h at 37 °C (Epicentre Technologies, Madison, WI,

U.S.A.). Endocytosis was inhibited by culturing the cells in the

presence of 10 mM methyl-β-cyclodextrin (MβCD; Sigma) for

1 h at 37 °C in minimal essential medium-α supplemented with

20 mM Hepes, pH7.4, and 0.1% BSA. Transient transfections

were performed by electroporating 2.5¬10' cells with 3 µg of

purified plasmid DNA at 400 V and 250 µF using Gene Pulser II

(Bio-Rad Laboratories BV, Veenendaal, The Netherlands).

Biosynthetic labelling of cell lines and immunoprecipitation

Cells were maintained at confluence, incubated in medium

containing no methionine for 30 min, and subsequently metaboli-

cally labelled with 100 µCi}ml Tran[$&S]TM (specific activity"
1000 Ci}mmol; ICN Biomedicals, Costa Mesa, CA, U.S.A.) for

10–120 min at 37 °C. Following labelling, cells were chased with

medium containing 50 mM unlabelled methionine for different

time periods. For tunicamycin treatment, cells were incubated

with 10 µg}ml tunicamycin (Roche, Basel, Switzerland) 4 h prior

to and during the metabolic labelling period. Cells were scraped

into lysis buffer (0.5% Triton X-100, 150 mM NaCl, 10 mM

sodium EDTA, 0.5% sodium deoxycholic acid, 1 mM PMSF

and 20 mM Tris}HCl, pH 7.4). Cell lysates were clarified by

centrifugation at 14000 g for 30 min at 4 °C. hCTR1 was

immunoprecipitated from the supernatants using 10 µl of affinity-

purified rabbit anti-human hCTR1 antiserum pre-incubated for

2 h with 15 µl of Protein A agarose beads (Sigma), and 2 vol.

buffer A (1% SDS, 1% Triton X-100, 0.5% sodium deoxycholic

acid, 0.5% BSA and 1 mM PMSF, in PBS). The reactions were

incubated overnight at 4 °C on a rotating wheel. Immuno-

complexes were precipitated by microcentrifuge at 14000 g and

washed five times with buffer A. All immunoprecipitates were

resuspended in Laemmli buffer and heated at 95 °C for 5 min

prior to SDS}PAGE (12.5% gel) [24]. Gels were soaked in

Amplify (Amersham Pharmacia Biotech) prior to fluorographic

exposure.

For endoglycosidase H (Endo H) experiments, protein immu-

nocomplexes were disrupted in 1% SDS}1% β-mercaptoethanol

and treated with Endo H (Roche, Basel, Switzerland), according

to the manufacturer’s instructions.

Extract preparation, immunoprecipitation and Western-blot
analysis

For the preparation of total cell extracts, monolayer cultures

were harvested in cold lysis buffer. The extracts were clarified by

centrifugation at 14000 g at 4 °C for 30 min, and the protein

concentrations of the supernatants were determined by the Bio-

Rad protein assay (Hercules, CA, U.S.A.), according to the

manufacturer’s instructions. For detection of steady-state hCTR1

expression, 10 µl of affinity-purified polyclonal anti-hCTR1 anti-

serum was pre-incubated with 15 µl of Protein A-agarose beads

(Sigma), as described above. Cell extracts (1 mg of protein) were

added, and hCTR1 was recovered by centrifugation. The immu-

nocomplexes were resolved on SDS}PAGE and transferred to

Hybond-P membranes (Amersham Pharmacia Biotech) by elec-

trophoretic transfer in a Bio-Rad transblot cell using 20%

methanol, 0.15 M glycine, 0.025% SDS and 0.02 M Tris-

HCl, pH 7, as transfer buffer. Subsequently, the membranes

were blocked in 5% non-fat dried milk (Protifar ; Nutricia,

Zoetermeer, The Netherlands) in PBS and 0.05% Tween-20. The

immunoblots were probed with 1:1000 affinity purified anti-
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hCTR1 antibody in 5% non-fat dried milk in PBS and 0.05%

Tween-20 at 22 °C. Reactivity was detected with horseradish

peroxidase-conjugated secondary antibodies (1 :10000) and

chemiluminescence (ECLTMplus ; Amersham Pharmacia Bio-

tech), according to the manufacturer’s instructions.

Confocal immunofluorescence microscopy

For fluorescence microscopy, cells were seeded and grown on

cover slips (Marienfeld, Paul GmbH & Co.KG, Bad Mergen-

theim, Germany). After 36 h, cells were washed with PBS and

fixed with 4% paraformaldehyde in PBS for 20 min at 4 °C. The

cells were then washed three times with buffer B (PBS containing

0.02% Triton X-100) and blocked for 30 min with 5% BSA in

bufferB at 22 °C. hCTR1 was stained with anti-hCTR1 antiserum

(diluted 1:1000). ATP7A protein was stained as described

previously [25], using antiserum kindly provided by Dr J. D.

Gitlin (Edward Mallinckrodt Department of Pediatrics,

Washington University School of Medicine, St. Louis, U.S.A.).

For the double-labelling experiments monoclonal antibodies

against Golgi 58-kDa protein (p58; diluted 1:50; Sigma), trans-

Golgi network (TGN) 230-kDa protein (p230) (diluted 1:200;

BD Biosciences, San Jose, CA, U.S.A.) and human transferrin

receptor (TFR) (diluted 1:200; Molecular Probes, Eugene, OR,

U.S.A.) were used. Antibodies were visualized by using indo-

carbocyanine (CyTM3)- or FITC-conjugated affiniPure donkey

anti-mouse or anti-rabbit IgG (H­L) antibodies, diluted 1:2000

(Jackson ImmunoResearch Laboratories, West Grove, PA,

U.S.A.). Lysosomes were stained by incubating cells for 1 h with

25 nM LysoTracker2 (Molecular Probes) at 37 °C. The cover

slips were mounted in Imsolmount (Klinipath, Duiven, The

Netherlands), and confocal light microscopy analysis was per-

formed on a laser scanning microscope (Leica TCS 4D) using

dedicated image software.

RESULTS

Characterization of hCTR1 antiserum

The hCTR1 gene encodes a protein containing three putative

transmembrane domains, and a number of putative glycosylation

sites. For the investigation of the biochemical characterization

and subcellular localization of hCTR1, polyclonal antibodies

were generated by immunizing rabbits with a 15-kDa recombi-

nant protein, encoding the N-terminal part of hCTR1 tagged

with six histidine residues (hCTR1-N}6His). To investigate

whether the produced antiserum specifically detected hCTR1,

immunoblot analysis was performed. From Figure 1(A), we

conclude that the antiserum contained some antibodies that

bound to the His
'

tag, but particularly contained antibodies

that specifically recognized the N-terminal part of hCTR1. In

this experiment and all subsequent experiments described below,

immunoreactivity was completely absent when pre-immune

serum was used. In addition, immunoreactivity was completely

abolished by pre-incubation of anti-hCTR1 antibody with

hCTR1-N}6His, but not by pre-incubation with an irrelevant

His
'
-tagged fusion protein (FAH}6His; Figure 1E and results

not shown). Taken together, these results strongly suggest that

the anti-hCTR1antiserumutilized in the present study specifically

recognized the hCTR1 protein.

Biochemical characterization of hCTR1 protein in different cell
lines

To study the steady-state expression of hCTR1 in different cell

lines, cells were lysed and used for immunoprecipitation with

Figure 1 Characterization of anti-hCTR1 antiserum and expression of
hCTR1 in different cell lines

(A) Immunoblot analysis of hCTR-N/6His and FAH/6His. Recombinant proteins (100 ng) were

separated by SDS/PAGE, and transferred to nitrocellulose. Proteins were visualized with anti-

hCTR1 antibody (left-hand lanes), anti-hCTR1 antibody pre-incubated with hCTR1-N/6His

(middle lanes) or anti-hCTR1 antibody pre-incubated with FAH/6His (right-hand lanes), all

followed by goat anti-rabbit peroxidase-conjugated antibody. (B and C) hCTR1 expression in

different cell lines. (B) Cell lysates from different cell lines were prepared and hCTR1 was

immunoprecipitated with anti-hCTR1 antibody, separated by SDS/PAGE, transferred to

nitrocellulose and visualized with anti-hCTR1 antibody, followed by goat anti-rabbit peroxidase-

conjugated antibody. The asterisk indicates the position of the immunoglobulin heavy chains

from the immunoprecipitating antibodies. The arrowhead indicates the position of the 35-kDa

protein. (C) Cells were labelled with Tran[35S]TM for 2 h and immunoprecipitation was performed

with anti-hCTR1 antibody. Proteins were separated by SDS/PAGE, followed by fluorography.

anti-hCTR1 antibody. After separation of immunoprecipitated

proteins by SDS}PAGE and immunoblotting with anti-hCTR1

antibody, several proteins with the approximate molecular mass

of 35 kDa, which appeared as heterogeneous smears on SDS}
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Figure 2 Pulse-chase analysis of hCTR1 biosynthesis

HeLa cells were pulse-labelled with Tran[35S]TM for 10 min and chased for the indicated time periods with cold methionine. Immunoprecipitation was performed with anti-hCTR1 antibody, and proteins

were separated by SDS-PAGE, followed by fluorography. The arrowhead indicates the position of the 35-kDa protein.

PAGE, were detected (Figure 1B). The apparent molecular

masses of these proteins differed between the investigated cell

lines. To characterize newly synthesized hCTR1, cells were

labelled for 2 h with Tran[$&S]TM, lysed and used for immuno-

precipitation with anti-hCTR1 antibody. As can be seen in

Figure 1(C), in all cell lines proteins of approx. 35 kDa were

detected, as shown similarly by immunoprecipitation of un-

labelled hCTR1 (Figure 1B). Also, a protein with the apparent

molecular mass of 28 kDa was detected in every cell line

investigated.

Pulse-chase analysis of hCTR1

To investigate a possible relationship between the 28-kDa and

the 35-kDa proteins, pulse-chase experiments were performed.

HeLa cells were pulse-labelled with Tran[$&S]TM for 10 min and

subsequently chased for different time periods. Immuno-

precipitation was performed with anti-hCTR1 antibody. Figure

2 shows that hCTR1 was synthesized initially as the polypeptide

of 28 kDa and appeared as the protein of approx. 35 kDa after

60 min. Since the 28-kDa polypeptide gradually disappeared and

was not detected after 3 h of chase, we concluded that the 28-

kDa polypeptide is the precursor form of the 35-kDa protein.

The 28-kDa polypeptide had a rapid turnover, whereas the half-

life time of the 35-kDa mature protein was at least 2 days (results

not shown). The same result was obtained when Cos7 or Caco2

cells were used (results not shown). The 28-kDa precur-

sor polypeptide was not detected when hCTR1 was analysed

under steady-state conditions (Figure 1B). This indicates that

the steady-state concentration of this polypeptide was below the

detection limit of the used method, which is probably due to

the high turnover rate of the precursor when compared

with the mature hCTR1 protein.

hCTR1 is a glycosylated protein

Based on the coding sequence of hCTR1, a protein backbone

with a molecular mass of 23 kDa is predicted [18]. However,

experiments described in the present study showed that anti-

hCTR1 antibody specifically detected proteins with apparent

molecular masses of 28 kDa and 35 kDa. The existence of several

consensus N- and O-glycosylation sites in the amino acid

sequence of hCTR1 raises the possibility that hCTR1 is a

glycosylated protein in �i�o. To test this hypothesis, HeLa cells

were pre-incubated with tunicamycin, an inhibitor of N-glyco-

sylation [26], for 4 h, followed by pulse-chase labelling in the

presence of tunicamycin, and immunoprecipitation of hCTR1.

As a result of tunicamycin treatment, hCTR1 was synthesized as

a precursor with the apparent molecular mass of 23 kDa, which

was converted to a 30-kDa polypeptide, clearly visible after

120 min (Figure 3A). No proteins with the apparent size of

35 kDa were formed in the presence of tunicamycin.

Figure 3 hCTR1 is a glycosylated protein

(A) HeLa cells were pre-incubated with or without tunicamycin for 4 h, and subsequently

analysed as in Figure 2. (B) HeLa cells were labelled with Tran[35S]TM for 2 h and

immunoprecipitation was performed with anti-hCTR1 antibody. After immunoprecipitation,

proteins were treated with Endo H where indicated, separated by SDS/PAGE and analysed by

fluorography. (C) Cos7 cells were transiently transfected with VSV-G-tagged hCTR1.

Untransfected cells (lanes 1 and 3) and VSV-G-tagged hCTR1 transfected Cos7 cells (lanes 2

and 4) were labelled with Tran[35S]TM for 2 h and immunoprecipitation was performed with anti-

(VSV-G) antibody (lanes 1, 2 and 4) or with anti-hCTR1 antibody (lane 3). Immunoprecipitates

were treated with Endo H where indicated, separated by SDS/PAGE and analysed by

fluorography. VSV-G-tagged hCTR1 was synthesized in vitro and analysed in lane 5. The

arrowhead indicates the position of the 35-kDa protein ; the asterisk indicates the position of

the 30-kDa protein that is formed only in the presence of tunicamycin.

To further investigate the possibility of N-linked glycosylation

of hCTR1, proteins immunoprecipitated by anti-hCTR1 anti-

body were treated with Endo H, an enzyme that removes high-

mannose N-linked oligosaccharides from the protein backbone

[27]. Upon incubation with Endo H, the 28-kDa protein was

converted to a 23-kDa polypeptide. The 35-kDa protein was not

sensitive to Endo-H treatment (Figure 3B).
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Figure 4 Subcellular localization of hCTR1 in different cell lines

HeLa cells (A), BeWo cells (B) or Caco2 cells (C) were analysed by indirect confocal immunofluorescence using anti-hCTR1 antibody followed by CyTM3-conjugated donkey anti-rabbit IgG antibody.

Open arrowheads indicate plasma membranes, and asterisks indicate concentrated perinuclear immunostaining. (D) HeLa cells were analysed by double-label indirect immunofluorescence using

anti-hCTR1 antibody visualized with CyTM3-conjugated donkey anti-rabbit IgG antibody, and anti-TFR antibody visualized with FITC-conjugated donkey anti-mouse IgG antibody. (E) HeLa cells were

incubated for 1 h with LysoTracker2. hCTR1 was visualized with anti-hCTR1 antibody and FITC-conjugated donkey anti-rabbit IgG antibody. (F) Double labelling of hCTR1 and p58, visualized

by CyTM3-conjugated donkey anti-rabbit IgG antibody and FITC-conjugated donkey anti-mouse IgG antibody respectively. (G) Double labelling of hCTR1 and p230, visualized by FITC-conjugated

donkey anti-rabbit IgG antibody and Cy3-conjugated donkey anti-mouse IgG antibody respectively. Overlap in staining patterns is depicted in yellow in the merged images. The scale bars

represent 10 µm.

An expression vector encoding VSV-G-tagged hCTR1 was

constructed and used to transiently transfect Cos7 cells. Cells

were metabolically labelled for 2 h with Tran[$&S]TM 48 h after

transfection, lysed and used for immunoprecipitation with anti-

(VSV-G) antibody. In untransfected Cos7 cells, no proteins were

detected with this antibody (Figure 3C, lane 1), whereas in cells

transfected with pZeoSV2 encoding VSV-G epitope tagged

hCTR1, proteins with apparent molecular masses of 28 kDa and

35 kDa were detected (Figure 3C, lane 2). This result indicates

that exogenous VSV-G tagged hCTR1 and endogenous hCTR1

have similar electrophoretic mobilities, and that the C-terminal

VSV-G tag does not affect the stability or the maturation

of hCTR1. When immunoprecipitated exogenous VSV-G-tagged

hCTR1 was treated with Endo H, a 35-kDa protein and a

polypeptide with a molecular mass of 23 kDa (Figure 3C, lane 4)

were detected, similar to Endo H treatment of immuno-

precipitated endogenous hCTR1 (Figure 3C, lane 3). To in-

vestigate whether the 23-kDa protein band indeed represents the
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Figure 5 Effect of BFA and nocodazole on hCTR1 localization

(A) HeLa cells were treated with BFA and analysed by double-label indirect immuno-

fluorescence of p58 and hCTR1, visualized by FITC-conjugated donkey anti-mouse IgG antibody

and CyTM3-conjugated donkey anti-rabbit IgG antibody respectively. (B) HeLa cells were treated

with nocodazole, and p58 and hCTR1 localization was analysed as in (A). The scale bars

represent 10 µm.

hCTR1 protein backbone, VSV-G-tagged hCTR1 was synthe-

sized in �itro in the absence of microsomes, thereby preventing

glycosylation (Figure 3C, lane 5). The electrophoretic mobility of

this polypeptide was identical with that of the polypeptide

resulting from Endo-H treatment of immunoprecipitated hCTR1

(compare Figure 3C, lanes 4 and 5). Taken together, these

results indicate that the 35-kDa protein detected by our antiserum

is mature hCTR1. Furthermore, the biosynthesis of hCTR1

involves N-linked glycosylation and possibly O-linked glyco-

sylation of a 28-kDa precursor polypeptide.

Subcellular localization of hCTR1 differs between cell lines

To investigate the subcellular localization of hCTR1, several

cell lines were analysed by indirect immunofluorescence using

anti-hCTR1 antibody. In the cervical carcinoma cell line HeLa,

hCTR1 was located in a cytoplasmic vesicular compartment,

concentrated around the nucleus (Figure 4A). No fluorescence

was detected at the edges of the cells. Also in the lung carcinoma

cell lines A549 and H441, and in the hepatocellular carcinoma cell

line HepG2, hCTR1 was predominantly localized in a similar

intracellular compartment (results not shown). In the chorio-

carcinoma placental cell line BeWo, hCTR1 was localized

partially on the plasma membrane, but most prominently in an

intracellular perinuclear compartment (Figure 4B). In the colon

carcinoma cell lines Caco2 (Figure 4C) and HT29 (results not

shown), hCTR1 was predominantly located at the plasma

membrane, but vesicular intracellular staining was also clearly

observed. The intracellular staining pattern in Caco2 cells

appeared more diffusely localized compared with other cell types

(Figure 4C).

Figure 6 Effect of copper on hCTR1 localization

HeLa cells (A and B) or Caco 2 cells (C) were cultured in the presence of bathocuproine

disulphonic acid (BCS) or 400 µM CuCl2. Cells were fixed and stained for ATP7A (A), the

protein mutated in Menkes disease, or for hCTR1 (B and C) as in Figure 4.The scale bars

represent 10 µm.

The predominant intracellular localization in HeLa cells of

hCTR1 is remarkable, since exogenous epitope-tagged yCtr1p is

localized on the plasma membrane in yeast [28]. To further define

the intracellular localization of hCTR1 in HeLa cells, double-

labelling studies with different intracellular markers were

performed. Areas of overlap in distribution, generated using

computer-based superimposition by image processing, are shown

in yellow (Figure 4). hCTR1 localization showed little to no over-

lap in distribution with the TFR protein, which is localized on

the plasma membrane and in an early endosomal compartment

(Figure 4D). Also no overlap with LysoTracker2, a marker for

the lysosomes, was detected (Figure 4E). However, hCTR1

partially overlapped with the Golgi markers p58 and p230

(Figures 4F and 4G). Although intracellular hCTR1 staining in

Caco2 cells appeared diffuse, hCTR1 immunoreactivity also

overlapped partially with Golgi markers p58 and p230 in these

cells (results not shown).
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Figure 7 Effect of MβCD on hCTR1 localization

HeLa cells were cultured in the presence of MβCD, fixed and stained for TFR (A), hCTR1 (B)

or p230 (C) as in Figure 4. The scale bars represent 10 µm.

The effects of two metabolites known to disrupt the Golgi

compartment, namely BFA and nocodazole, on hCTR1 local-

ization in HeLa cells were tested. BFA treatment resulted in

redistribution of p58, but had no effect on hCTR1 localization

(Figure 5A). In the presence of nocodazole, p58 no longer

localized to identifiable Golgi structures, but scattered through-

out the cytoplasm and patched to enlarged vesicles (Figure 5B).

The perinuclear localization of hCTR1 was also dispersed as a

result of nocodazole treatment.

hCTR1 localization is not influenced by extracellular copper
concentrations

To investigate whether the localization of hCTR1 is responsive

to extracellular copper concentrations, as described previously

for the ATP7A and ATP7B proteins [29–32], HeLa and Caco2

cells were cultured in the presence of 50 µM bathocuproine

disulphonic acid, a copper chelator, or 400 µM CuCl
#
. Cells were

fixed and stained for hCTR1 or ATP7A. ATP7A is a resident

TGN protein, which redistributes upon copper addition, as was

previously reported [25,29,31] (Figure 6A). In contrast, the

localization of hCTR1 in HeLa and Caco2 cells is not influenced

by extracellular copper concentrations under the conditions used

(Figures 6B and 6C).

To test whether hCTR1 cycles through different compartments

of the cell, HeLa cells were cultured in the presence of MβCD, an

inhibitor of endocytosis via cholesterol depletion of the plasma

membrane [33]. The subcellular localization of the TFR, a

protein known to be endocytosed [34], changed upon MβCD

treatment from the early endosomal compartment to a plasma-

membrane localization (Figure 7A). In the absence of MβCD, no

hCTR1 was detected on the plasma membrane of HeLa cells

(Figure 7B). In the MβCD-treated cells, hCTR1 was not located

in clearly well-defined intracellular structures, but redistributed

to a vesicular compartment diffusely located in the cell. A

significant fraction of the cellular hCTR1 was also located on the

plasma membrane under the conditions used. The observed

redistribution is not a result from fragmentation of the Golgi

apparatus, since p230 localization is not altered (Figure 7C).

These results suggest that steady-state localization of hCTR1 is

the result of a dynamic process involving endocytosis from the

cell surface.

DISCUSSION

Recently, it has been shown that mice with a homozygous

disruption at the Ctr1 locus die early during embryogenesis

[19,20], indicating that the CTR1 protein is crucial for normal

development. However, the biochemistry and cell biology of

mammalian CTR1 has not yet been examined. This study on the

hCTR1 protein represents the initial characterization of biosyn-

thesis and post-translational processing of hCTR1, and its

subcellular localization.

In accordance with the ubiquitous mRNA expression of

hCTR1 in tissue [18], we found that hCTR1 was expressed in

every investigated cell line. The biosynthesis of hCTR1 was the

result of extensive glycosylation of a 23-kDa core polypeptide via

the formation of a 28-kDa precursor polypeptide. This precursor

was further modified to a 35-kDa mature protein within 60 min.

Mature hCTR1 differed in size between the investigated cell lines

and appeared as heterogeneous smears on SDS}PAGE, which is

also indicative of the presence of oligosaccharide chains. Al-

though the same glycosylation machinery is available to all

proteins that enter the secretory pathway in a given cell, it is

possible that proteins emerge with characteristic glycosylation

patterns and heterogeneous populations of glycans at each

glycosylation site [35]. In the presence of tunicamycin the mature

hCTR1 protein was not formed; however, in addition to a

polypeptide of 23 kDa, also a polypeptide of 30 kDa was detected.

The 30-kDa polypeptide was most likely the result of O-linked

glycosylation of the precursor lacking N-linked oligosaccharides,

since O-linked glycosylation is not inhibited by tunicamycin

treatment [36]. After 2 h of pulse chase, approximately equal

amounts of 23-kDa core protein and partially glycosylated 30-

kDa protein were detected by anti-hCTR1 antibody, whereas in

the absence of tunicamycin most of the newly synthesized hCTR1

was converted to the mature form. An explanation that may

account for this delay in processing is the fact that newly

synthesized proteins, which are incompletely glycosylated, folded

or assembled, are retained in the endoplasmic reticulum and

eventually degraded via the quality-control system [37]. In

conclusion, the human CTR1 protein is heavily glycosylated

similarly to the yeast Ctr1 protein, which is also extensively

modified by the addition of O-linked oligosaccharides [28] ; the
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role of these oligosaccharides in copper transport and intra-

cellular sorting is the subject of further study.

The 35-kDa protein detected by the anti-hCTR1 antibody was

not sensitive to Endo-H treatment, suggesting a late- or post-

Golgi localization of this protein. Endo H is widely used to

distinguish complex oligosaccharides from high-mannose oligo-

saccharides, which are formed by post-translational modification

during their passage through the Golgi apparatus [38]. In

immunofluorescence studies, we found that intracellular hCTR1

localization was dependent on the cell type. In HeLa cells

amongst others, hCTR1 was predominantly localized in a

perinuclear vesicular compartment. Plasma membrane local-

ization was not observed in these cells, but we do not exclude cell

surface expression below detection limits. Intracellular hCTR1

partially co-localized with the Golgi markers p230 and p58

[39,40] and was insensitive to redistribution by BFA, but sensitive

to nocodazole treatment. Resident proteins of the cis-, medial-

and trans-Golgi cisternae return to the endoplasmic retuculum

upon BFA treatment [41,42], whereas the destination of proteins

of the TGN is not known. Several studies indicate that these

proteins of the TGN are insensitive to BFA treatment [43–45],

whereas others support the hypothesis that the TGN proteins are

BFA-sensitive [46–48]. Nocodazole treatment, by depolymerizing

microtubules, results in the rapid redistribution of trans-Golgi

and TGN proteins [49,50]. We conclude that hCTR1 is pre-

dominantly localized within the TGN or in a vesicular com-

partment in close apposition to the TGN in HeLa, H441, A549

and HepG2 cells under normal conditions. However, given the

limitations in the resolution of immunofluorescence microscopy,

further studies using immuno-electron microscopy are required

to unequivocally determine the intracellular localization of

hCTR1 in these cells. In a number of other cell lines, hCTR1 was

abundantly detected on the cell surface under normal conditions.

Taken together, cell surface localization of hCTR1 is dependent

on the cell type.

These findings have important implications for the mechanisms

of cellular copper import and will direct our subsequent research

efforts. As a first hypothesis emanating from this work, in-

tracellular hCTR1 could represent a pool of molecules that can

be quickly recruited to the plasma membrane, as has been

described for the insulin-regulated glucose transporter Glut4

[51]. Thus, we considered the possibility that hCTR1 is only

localized at the cell surface in times of copper shortage, thereby

providing a protective post-translational mechanism against

excess copper import. In accordance with this hypothesis, the

yeast Ctr1 protein is constitutively expressed on the cell surface,

but rapidly endocytosed upon high copper concentration in the

medium [52]. However, in the present study we show clearly that

hCTR1 localization was not dependent on copper availability in

HeLa and Caco2 cells. Secondly, we speculate that intracellular

hCTR1 could in fact actively participate in cellular copper

import. Other metal transporters, including the ATP7A and

ATP7B proteins, as well as DMT1}NRAMP2, are also localized

and, presumably, functioning in intracellular organelles

[25,30,53]. This model would require copper to be endocytosed

and delivered to the hCTR1 resident compartment. Alternatively,

hCTR1 may rapidly cycle between the perinuclear intracellular

compartment and the plasma membrane, where it binds the

metal, leading to endocytosis of the hCTR1–copper complex and

subsequent import of copper into the cytoplasm. This mechanism

would resemble the uptake of transferrin-bound iron by the TFR

[34]. In line with this suggestion, inhibition of endocytosis in

HeLa cells resulted in a marked redistribution of hCTR1 to a

more diffuse cellular compartment. Importantly, hCTR1 was

also clearly located on the cell surface under these conditions,

comparable with the TFR. Thus, these results suggest that the

steady-state localization of hCTR1 is the result of a dynamic

process, which involves constitutive endocytosis of the protein

from the plasma membrane.

Previous cell biological studies on the copper export pumps

mutated in Menkes disease and Wilson disease, ATP7A and

ATP7B, revealed that the intracellular localization of these

proteins is dependent on the copper concentration [25,29–32].

These results [25,29–32] indicated that a critical step in mam-

malian copper homoeostasis is exerted by control of cellular

copper efflux. Our results suggest an additional cell-specific

control of copper uptake, which involves the localization of the

hCTR1 protein. Whereas the importance of CTR1 for normal

development has recently been established in mice [19,20], further

studies are required to completely comprehend the mechanisms

that determine CTR1 localization.
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