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Abstract

The divalent metal ion transporter DMT1 is localized in the brush border membrane (BBM) of the upper small intestine and has
been shown to be able to transport Mn2+, Fe2+, Co2+, Ni2+, and Cu2+. Belgrade rats have a glycine-to-arginine (G185R) mutation
in DMT1, which affects its function. We investigated copper transport with BBM vesicles of Belgrade rats loaded with calcein, which
exhibits fluorescence quenching by various metal ions. Transport of copper was disrupted in unenergized BBM vesicle of b/b Bel-
grade rats, as had been described for iron transport, while +/b vesicles exhibited normal transport by DMT1. When either b/b or +/b
vesicles were loaded with ATP and magnesium, similar high-affinity accumulation of copper was observed in both types of vesicles.
Thus, brush border membranes possess an ATP-driven, high-affinity copper transport system which could serve as the primary route
for copper uptake by the intestine.
� 2005 Elsevier Inc. All rights reserved.
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Copper and iron are essential trace elements through
their function as cofactors in numerous biochemical
reactions, but knowledge of their homeostasis by
eukaryotic cells is still fragmentary (see [1–8] for recent
reviews). Recently, a divalent metal ion transporter,
DMT1, has been identified by expression cloning in
Xenopus laevis oocytes [9]. DMT1 is the homolog of
mouse Nramp2, a member of the �natural resistance-as-
sociated macrophage protein� family [10–12], and is also
called DCT1. Its official designation is Slc11A2 (OMIM
database, http://www3.ncbi.nlm.nih.gov/omim); we
here use the term DMT1, which is commonly used in
the literature. DMT1 features 12 putative membrane
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@ikp.unibe.ch (M. Solioz).
1 Present address: TraceChem, Belpstrasse 41, 3007 Berne,

Switzerland.
spanning helices and occurs in four splice variants: a
central domain of 543 common amino acids can have
a 31 amino acid N-terminal extension and a diverging
C-terminus of either 18 or 25 amino acids (see [13] for
review). The functional significance of the four isoforms
remains to be demonstrated. DMT1 is strongly ex-
pressed in the proximal duodenum and the kidneys,
but can be found in all tissues. In enterocytes, DMT1
is mainly localized in the brush border, but is also pres-
ent in basolateral and internal membranes, and is upreg-
ulated by iron deficiency [13]. This transporter thus
appears to be the key mediator of intestinal iron absorp-
tion, but has also a function in the release of endosomal
iron, originating from transferrin-mediated iron
acquisition.

In transport studies with erythroid cells, brush border
membrane (BBM) vesicles or Xenopus oocytes, the
transport specificity of DMT1 was broad, including
Fe2+, Zn2+, Mn2+, Co2+, Cd2+, Cu2+, Ni2+, and Pb2+
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Fig. 1. Quenching of calcein fluorescence by copper. A 33 lM calcein
solution in Na–Hepes buffer, pH 7.4, was quenched with increasing
concentrations of Cu2+ at 25 �C. The experimental data (d) were fitted
with a Gaussian function (,) as described previously for nickel [15].
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[9,14–16]. Belgrade rats as well as anemic mk/mk mice
harbor the same glycine-to-arginine (G185R) mutation
in DMT1 and it has been shown that this abolishes
the transport of Mn2+ (and presumably other divalent
metal ions) into BBM and basolateral membrane vesi-
cles [17]. Belgrade rats are anemic, but exhibit normal
copper status [18–20]. This would suggest that other
intestinal copper transporters are at work. At least two
other copper transporterss are known to be expressed
in enterocytes: Ctr1 and ATP7A.

Ctr1 can be detected in all cell types tested and
exhibits plasma membrane as well as intracellular
localization. This transporter has been shown to cata-
lyze the transport of Cu(I) across the plasma mem-
brane with nanomolar affinity, but Ctr1 also has a
role in copper transport in intracellular compartments
[21]. The transport of biologically relevant transition
metal ions other than Cu(I) has not been reported
for Ctr1. Whether Ctr1 has a role in intestinal copper
absorption remains unclear. The second known copper
transporter in enterocytes, ATP7A, is a copper ATP-
ase. It serves in the delivery of copper to the Golgi
for copper incorporation into cuproenzymes such as
ceruloplasmin, but also in the secretion of copper from
cells [6,22]. ATP7A is expressed in most tissues, but is
absent in the liver, where the related enzyme ATP7B
fulfills this function. Under normal copper load,
ATP7A is mainly localized in the trans-Golgi network,
but excess copper induces trafficking of ATP7A to the
plasma membrane for the secretion of copper. Like
Ctr1, ATP7A appears to only transport Cu(I) and
no other biometals [23].

In spite of the advance in the understanding of cop-
per homeostasis, it is still unclear which transporter is
responsible for intestinal copper uptake. We here report
the properties of a novel, ATP-driven copper transport
activity in BBM vesicles. This copper transport did not
appear to be catalyzed by DMT1, Ctr1 or ATP7A.
Transport activity exhibited a sub-micromolar affinity
for copper and may thus have a primary role in intesti-
nal copper absorption.
Materials and methods

Materials. All chemicals were of analytical grade and were ob-
tained from Fluka (Buchs, Switzerland). Protein molecular weight
standards were purchased from Bio-Rad.

Preparation of brush border membrane vesicles. Rat small intestines
were excised from decapitated rats, copiously rinsed with ice-cold
saline, cut open longitudinally, and frozen at �80 �C. The first 20 cm
of proximal rat small intestine from two rats was used to prepare BBM
vesicles by the method of Kessler et al. [24], but using a 2:1 rescaled
MgCl2 precipitation instead of a CaCl2 precipitation to avoid the
activation of proteases [25]. The resulting BBM vesicles were stored
frozen at �80 �C until use, but no longer than four weeks.

Transport measurements. For measuring metal ion transport by
unenergized BBM vesicles, vesicles were loaded with 33 lM calcein as
described earlier [15]. Briefly, BBM vesicles were homogenized in the
presence of 33 lM calcein with a Potter–Elvehjem homogenizer, fol-
lowed by gel filtration through a Sepharose 4B column to remove
extravesicular calcein. To measure ATP-driven transport, BBM vesi-
cles were simultaneously loaded with 33 lM calcein, 10 mM ATP, and
10 mM MgCl2 by the same method. Transport was measured by
measuring calcein fluorescence quenching as described [15]. Briefly,
160 ll of BBM vesicles at a protein concentration of 0.1–0.2 mg/ml in
50 mM Na–Hepes, pH 7.4, 0.1 M NaCl were equilibrated to 25 �C in a
4-by-4 mm microcuvette. Fluorescence quenching was measured on a
Perkin-Elmer LS 50 B spectrofluorometer, using excitation and emis-
sion wavelengths of 490 and 515 nm, respectively. Changes in metal
ion concentration were estimated on the basis of relative changes in
fluorescence, based on the calibration curve shown in Fig. 1. There was
no interference by light scattering as verified by solubilizing the vesicles
with detergent in the course of an experiment.

Miscellaneous methods. Protein concentrations were determined by
the method of Bradford [26].
Results

It has been shown that DMT1 plays a major role in
the intestinal uptake of Fe(II) and may also play a role
in the uptake of other divalent ions, including copper
[13,15,27,28]. Belgrade rats as well as mk/mk anemic
mice, which possess the same glycine-to-alanine muta-
tion in DMT1, have a defect in the uptake of iron from
the lumen of the gut, leading to iron deficiency in many
tissues [13]. Belgrade rats have elevated plasma iron, but
the iron cannot get into tissues because of the lack of
functional DMT1 in endocytic vesicles, where this trans-
porter is required for the release of iron acquired by the
transferrin-mediated pathway. However, Belgrade rats
do not appear to be compromised in their copper status.
This could either be due to the low requirement for cop-
per compared to iron or to the presence of another cop-
per uptake route. This prompted us to investigate
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copper transport by BBM vesicles of Belgrade rats,
which are homozygous (b/b) for a G185R missense
mutation in DMT1. Heterozygous (+/b) rats, which
are phenotypically not anomalous, were used as a con-
trol. For unexplained reasons, BBM vesicles of the het-
erozygotes exhibited more robust and reproducible
transport than those from wild-type rats (Martin Knöp-
fel, personal observation).

Transport into isolated BBM vesicles was monitored
by loading them with the fluorescent dye calcein, which
is quenched by divalent metal ions. Fig. 1 shows the cal-
ibration curve of the quenching of calcein by copper.
The decrease in fluorescence intensity with increasing
concentrations of Cu2+ could be fitted by a Gaussian
function and was used to quantify all experimental
curves. Corresponding calibration curves were derived
for the other metal ions used in this study (not shown).

Fig. 2 shows divalent metal ion transport by unener-
gized calcein-loaded BBM vesicles of heterozygous Bel-
grade rats (+/b). Fluorescence quenching of the calcein
in the vesicle lumen indicates uptake of metal ions.
The quenching by different metal ions proceeded at
varying rates, reflecting different transport affinities.
The greatest uptake rate was observed for Co2+, which
was rapidly transported into vesicles already at 1 lM
Co2+ in the extravesicular space. In contrast, Ni2+

exhibited a much lower rate of uptake. Cu2+ at 1 lM
gave a bi-phasic signal, not indicating net transport
(artifactual signals were often observed with copper,
but their cause remained unknown), while 50 lM Cu2+

induced rapid copper uptake by the BBM vesicles. These
transport characteristics appear typical for DMT1-cata-
lyzed uptake, as described previously [15].
Fig. 2. Transport of Cu2+, Ni2+, and Co2+ into unenergized (+/b)
BBM vesicles. Transport was measured by monitoring the change in
fluorescence of 0.18 mg/ml calcein loaded (+/b) BBM vesicles.
Transport was initiated by the addition of 1 or 50 lM metal ions
(arrow). Other details of the experiment were as outlined under
Materials and methods.
There is conflicting information as to whether Cu(I)
or Cu(II) is being transported by DMT1 [13,15,27].
Also, it is not clear if Ctr1 or ATP7A has a role in intes-
tinal copper absorption. Ctr1 and ATP7A apparently
catalyze high affinity uptake of Cu(I) [7]. To test for
the presence of high affinity uptake of Cu(I) by the
BBM vesicle preparation, we conducted transport exper-
iments under reducing conditions. Fig. 3 shows uptake
of copper, nickel, and cobalt by unenergized BBM vesi-
cles of (+/b) heterozygous rats in the presence of 2 mM
ascorbate as a reducing agent. Each metal was added at
1 lM (arrow) and at 50 lM (arrowhead) to qualitatively
demonstrate the different affinities. At 1 lM, no net up-
take of Cu(I) could be observed; there was, however, an
artifactual increase in fluorescence. Adding 50 lM of
copper led to copper accumulation inside the vesicles.
Since these experiments were conducted in the presence
of ascorbate, the added Cu(II) was reduced to Cu(I). It
remains unclear whether the uptake of copper at 50 lM
was catalyzed by DMT1 or by another transport system.
However, it appears unlikely to be catalyzed by Ctr1;
this transporter has been reported to have an affinity
for Cu(I) of a few micromolar and transport should thus
be observed at 1 lM Cu(I) [29]. ATP7A on the other
hand would require ATP to catalyze copper transport
[23]. Ni2+ at 1 lM was accumulated at a low rate, while
50 lM Ni2+ led to rapid transport into the vesicle lu-
men. As already seen in Fig. 2, Co2+ was accumulated
at the highest rate by the vesicles, exhibiting rapid
quenching already at 1 lM and almost instantaneous
uptake to equilibrium at 50 lM. So in essence, there
was no positive effect of ascorbic acid on copper ion up-
take by (+/b) vesicles. When the same transport experi-
Fig. 3. Transport of Cu2+, Ni2+, and Co2+ into unenergized (+/b)
BBM vesicles in the presence of ascorbate. Transport was measured by
monitoring the change in fluorescence of 0.091 mg/ml calcein loaded
(+/b) BBM vesicles in the presence of 2 mM ascorbate. Transport was
initiated by the addition of 1 lM metal ion (arrow), followed by a
second addition of 50 lM metal ion (arrowheads). Other details of the
experiment were as outlined under Materials and methods.
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ments were conducted with BBM vesicles from Belgrade
rats (b/b), no transport activity was observed (not
shown). These results confirm the transport by DMT1
and its absence/non-function in Belgrade rats, which
has been described previously [2,13,15,17].

Average copper in US drinking water is 0.066 mg/L,
corresponding to approximately 1 lM [30]. The copper
content of most food is around 1 mg/kg, but only a frac-
tion of this copper (e.g., 18% in cow milk) is bioavailable
[31]. So available copper in the diet will be in the low
micromolar range. It appears unlikely that the observed
affinity of DMT1 for copper suffices to accomplish pro-
ficient copper uptake from the diet. This led us to probe
the existence of an ATP-driven high-affinity transport
processes. A procedure was devised to load BBM vesicles
with ATP and magnesium. These ATP-loaded, or �ener-
gized,� vesicles exhibited high-affinity transport of metal
ions not observed in unenergized vesicles. Interestingly,
ATP-driven high-affinity transport was essentially identi-
cal in Belgrade heterozygous (+/b) or homozygous (b/b)
vesicles; only results for (b/b) vesicles are shown here.

Fig. 4 shows ATP-driven transport of Cu2+, Ni2+,
and Co2+ into energized, homozygous (b/b) BBM vesi-
cles. Under these experimental conditions, the uptake
of cobalt could readily be observed at a metal ion con-
centration of only 0.2 lM. In contrast to unenergized
vesicles, ATP-loaded vesicles accumulated copper and
nickel when present at low micromolar concentrations.
Thus, vesicles from Belgrade rats exhibited ATP-driven,
high-affinity transport of copper, not detectable in
unenergized vesicles. The vesicle preparation used here
has been well characterized and is enriched for alkaline
Fig. 4. Transport of Cu2+, Ni2+, and Co2+ into energized (b/b) BBM
vesicles. Transport was measured by monitoring the change in
fluorescence of 0.18 mg/ml calcein and ATP loaded (b/b) BBM
vesicles. Transport was initiated by the addition of 0.2 lM metal ion
(arrow), followed by a second addition of 2 lMmetal ion (arrowhead).
Other details of the experiment were as outlined under Materials and
methods.
phosphatase activity, a marker for BBM, by 15 ± 5-fold
[17,25]. It can clearly not be ruled out that membranes
other than BBM contribute to transport in this prepara-
tion, but if only a minor, contaminating fraction of ves-
icles would be involved in transport, fluorescence would
only be quenched in these and the overall extent of fluo-
rescence quenching would only reach a few percent.
However, we observed fluorescence quenching to the ex-
tent of 50–80%, indicating that the majority of vesicles
participate in the transport reaction and thus contain
the ATP-driven transport system. Most likely, the same
system catalyzes the transport of Cu2+, Co2+, and Ni2+,
as shown in Fig. 4. The divalent and diverse nature of
the transported ions argues against an involvement of
Ctr1 or ATP7A, which appears to be specific for
Cu(I). DMT1 on the other hand is inactivated by the
G185R mutation in the Belgrade rat [17].

Kinetic parameters of the ATP-driven copper trans-
port were assessed by determining initial rates of up-
take for a range of low copper concentrations under
optimized conditions (Fig. 5). Plotting the data as a
Lineweaver–Burk plot revealed a bi-phasic behavior
(Fig. 6). The data in the range of 0.2–1 lM copper
could be fit by linear regression and resulted in a vmax

for ATP-driven copper transport of 22 nmol/min/mg of
membrane protein and a Km for copper of 0.3 lM
(R = 0.998). At higher copper concentrations, there
was an increase in initial rate and a decrease in affinity
for copper.

It has previously been shown that DMT1 transports
metal ions in symport with protons, thus generating an
electrochemical proton gradient. The ATP-driven ion
transport described here was tested for the coupling to
an electrochemical proton gradient, e.g., an ATPase
could serve in the ejection of protons, which in turn
Fig. 5. Initial rates of quenching by copper in energized (b/b) BBM
vesicles. ATP-loaded vesicles were used at a protein concentration of
0.098 mg. Other details of the measurements were as outlined under
Materials and methods. The copper concentrations used are indicated
in the figure.



Fig. 6. Lineweaver–Burk plot for copper transport. The initial rate of
ATP-driven copper uptake by (b/b) BBM vesicles was determined as a
function of the copper concentration. Measurements were conducted
as described in Fig. 5.

Fig. 8. Transport of Cu2+ by (b/b) BBM vesicles loaded with
AMPPCP. Transport was measured by monitoring the change in
fluorescence of 0.092 mg/ml calcein-loaded (b/b) BBM vesicles, also
loaded with 10 mM MgCl2 and 10 mM of the ATP analog AMPPCP
(b-c-CH2-ATP). Transport was initiated by the addition of 1.25 lM
Cu(II) (arrow), followed by a second addition of 1.25 lM Cu(II)
(arrowhead). Other details of the experiment were as outlined under
Materials and methods.
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could provide the driving force for metal accumulation.
Such coupling would be sensitive to uncoupling by ion-
ophores. This possibility was tested with ionophores.
The electroneutral sodium-proton exchanger monensin
had no significant effect on ATP-driven copper accumu-
lation by BBM vesicles (Fig. 7). The electrogenic
protonophore (uncoupler) carbonyl cyanide m-chloro-
phenylhydrazone (CCCP), on the other hand, stimu-
lated copper accumulation twofold. This would
suggest that copper transport is electrogenic, and CCCP
stimulated transport by relieving the electrochemical
gradient. However, such a conclusion requires further
verification. More importantly, if copper transport were
coupled to another system via protons, CCCP would
Fig. 7. Effect of ionophores on ATP-driven copper transport by (b/b)
BBM vesicles. Vesicles at 0.093 mg/ml were preincubated for 5 min at
25 �C with ionophores as indicated. Transport was then initiated by
the addition of 2 lM copper (arrows) and transport was measured as
described in Fig. 4. Trace 1, control without addition; trace 2, 2.8 lg/
ml monensin; and trace 3, 2.8 lg/ml CCCP.
have abolished transport. Other ions like K+ or Ca2+

were absent during the measurements and thus could
not to be involved in the coupling of copper transport
to a secondary ion gradient. The results of these control
experiments are in line with the operation of a primary,
ATP-driven copper transporter in BBM vesicles.

To rule out an indirect effect of the ATP or the mag-
nesium in the vesicle lumen, b/b vesicles were loaded
with 10 mM of the non-hydrolyzable ATP-analog b,c-
methylene adenosine triphosphate (AMPPCP) instead
of ATP (Fig. 8). No copper transport was observed un-
der these conditions. There was some artifactual fluores-
cence quenching upon the first copper addition, but no
quenching with the second copper addition, arguing
against a �copper-sink� function of the nucleotide tri-
phosphates in the vesicle lumen. Taken together, our re-
sults suggest that brush border membranes possess an
ATP-driven high affinity transport system for copper
and other divalent metal ions. This system may repre-
sent the primary system for uptake of these metals from
the diet.
Discussion

We here show for the first time an ATP-driven trans-
port mechanism for copper, and probably other divalent
metal ions, in brush border membranes of rat intestines.
The affinity for copper of this system was 0.3 lM, which
appears to be sufficiently high to accomplish copper
extraction from food in the lumen of the intestine.
Detection of the ATP-driven transport activity
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depended on an experimental protocol whereby BBM
vesicles were loaded with both, the fluorescent indicator
calcein to measure intravesicular metal ion concentra-
tions, and Mg-ATP as an energy source. ATP-driven
copper uptake was essentially the same in vesicles de-
rived from normal rats and in vesicles derived from
homozygous Belgrade rats. These possess a G185R
mutation which inactivates DMT1, the principal iron
uptake system of the brush border membrane [17,20].
DMT1 has also been suggested to function in the uptake
of copper and other divalent metal ions, including Zn2+,
Cd2+, Mn2+, Co2+, Ni2+, and Pb2+ [9,15]. Conceivably,
the ATP-driven copper uptake system described here is
the principal copper uptake mechanism under copper
limiting conditions, while DMT1 could serve in copper
uptake under conditions of copper excess.

In some studies demonstrating copper transport by
DMT1, high copper concentrations were employed (up
to 80 lM; e.g. [9,15]), which would have masked a high-
affinity, low capacity copper transporter activity, like
the one described here. But a number of observations
do suggest the existence of one or several copper transport
systems other thanDMT1 in the brush bordermembrane.
First, Belgrade rats, which are systemically iron deficient
due to mutation of DMT1, are not copper deficient, and
thus must be able to acquire copper by a different route.
In several studies involving sub-micromolar copper con-
centrations, it was concluded that copper uptake by duo-
denal cells was not, or not exclusively, catalyzed by
DMT1. Arredondo et al., using Cu(II)-histidine as a sub-
strate, observed high-affinity copper flux from apical to
cellular, and from apical to basolateral domains, by intes-
tinal Caco-2 cells growing in polarized monolayers. The
estimated affinity for this transport was in the sub-micro-
molar range and thus probably not mediated by DMT1
[28]. In similar studies, it was found that depletion of cel-
lular copper levels markedly increased uptake and overall
transport of copper by Caco-2 cells [32]. No changes in
DMT1 mRNA levels by copper could be observed [33],
arguing for a different uptake route. In these studies,
10–1000 lM ascorbate, which reduces Cu2+ to Cu+,
failed to significantly alter copper transport [32], suggest-
ing that Cu2+ was being transported.

At variance with other studies, Arredondo et al. con-
cluded that DMT1 is a physiologically relevant Cu+

transporter. This was based on the observation that api-
cal copper uptake from 5 lM 64Cu-histidine in the pres-
ence of ascorbate was 47% inhibited by a DMT1
antisense oligonucleotide [27]. However, Fe2+ transport
was inhibited by 80% under these conditions, suggesting
that a substantial part of the copper transport was not
mediated by DMT1. Conceivably, this additional cop-
per transport was catalyzed by the ATP-driven copper
transporter described here. Even in the presence of
ascorbate, sufficient copper could disproportionate to
Cu2+ and be transported in the presence of a high affin-
ity Cu2+ binding site. Indeed, the mode of intestinal
absorption of copper may be similar to that of zinc,
where several transporters appear to be at work,
depending on the region of the intestine and the avail-
able zinc concentrations [34].

It had previously been shown that DMT1 transports
metal ions in symport with protons. In principle, loading
vesicles with ATP could activate a proton pumping
ATPase. The electrochemical proton gradient thus gen-
erated could then couple ATP hydrolysis to copper-pro-
ton symport by DMT1. Such coupling would be
abolished by protonophores and would only be possible
in vesicles derived from wild-type rats or heterozygous
Belgrade rats with functional DMT1. However, ATP-
driven copper transport was essentially the same in
wild-type, homo- and heterozygous Belgrade rats, and
the protonophore CCCP stimulated, rather than inhib-
ited, copper accumulation. The stimulation of ATP-dri-
ven copper uptake by an electrogenic protonophore
suggests that the transport mechanism under observa-
tion is electrogenic, most likely transporting net charge
(Cu2+) to the vesicle lumen. However, this conclusion
requires additional experimentation.

At physiological pH and in the presence of oxygen,
iron and copper will be present in the oxidized iron(III)
and copper(II) forms. Since DMT1 transports Fe(II),
the iron will first have to be reduced [9,15,35]. Thus, cor-
responding reductases and oxidases working in concert
with the transport proteins are required on either side
of the membrane. A reductase, duodenal cytochrome b
(Dcytb), that appears to be involved in iron and copper
reduction in mice, has recently been described [36–38].
Dcytb is a b558 cytochrome with an apparent molecular
weight of 33 kDa and shares 45–50% sequence similarity
to the cytochrome b561 family of membrane reductases.
Dcytb was suggested to act as dehydroascorbate reduc-
tase which provides luminal ascorbate for the reduction
of iron and copper for absorption [36]. Such a reducing
function could aid intestinal absorption of Cu(I), such
as by Ctr1, but not absorption of Cu(II) [21]. In the
purified membrane preparation employed here, we
would not expect the presence of significant amounts
of a reductant (e.g., ascorbate, NADH, and NADPH)
which could fuel Dcytb or a similar reductase to catalyze
the reduction of metal ions.

Two well-characterized copper transporters, Ctr1 and
ATP7A, are also present in enterocytes. However, the
properties of these transporters are quite different and
make it highly unlikely that they are involved in the
ATP-driven transport described here. First, Ctr1 has
been shown to be independent of ATP [21], while the
copper transport described here requires ATP. Second,
Ctr1 apparently transports Cu(I), thus requiring reduc-
tion of the added Cu(II) to Cu(I) with ascorbate or a
similar reductant, and has not been observed to trans-
port other transition metal ions; the ATP-driven copper
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transport is not specific for copper and also accepts co-
balt and nickel, and possibly other divalent metal ions.
The same line of arguments also applies to the Menkes
copper ATPase, ATP7A. This ATP-driven copper pump
transports Cu(I), not Cu(II), and is not know to trans-
port other transition metal ions with the exception of
Ag(I), which is a Cu(I) mimetic without a biological
function. Also, ATP7A pumps copper in a direction
opposite to the direction of transporter described here,
namely from the cytoplasm into the Golgi-network, or
from the cytoplasm to the extracellular space [22,23].
ATP7A-containing vesicles which could accumulate
copper would have to have the ATP binding site on
the vesicle outside. Since ATP has been removed from
the extravesicular space in our experiments, ATP7A in
such vesicles would not ‘‘see’’ ATP and be inactive. Fi-
nally, if ATP-driven copper transport were due a minor
contamination by an uncharacterized vesicle popula-
tion, it would only result in marginal fluorescence
quenching, maximally by the fraction of calcein present
in such contaminating vesicles. However, we observed
fluorescence quenching to the extent of 50–80%, indicat-
ing that the majority of vesicles participate in the ATP-
driven transport reaction. Taken together, our results
suggest the presence of a novel, ATP-driven high-affinity
copper transporter in BBM vesicles. Its molecular iden-
tification will likely help to resolve some of the open is-
sues regarding the mechanism of intestinal copper
absorption.
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