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Uptake of copper from plasma proteins in cells
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Abstract Plasma proteins rather than amino acid
chelates are the direct sources of copper for mamma-
lian cells. In continuing studies on the mechanisms by
which albumin and transcuprein deliver copper and the
potential involvement of CTRI, rates of uptake from
these proteins and Cu-histidine were compared in cells
with/without CTR1 knockdown or knockout. siRNA
knocked down expression of CTR1 mRNA 60-85% in
human mammary epithelial and hepatic cell models,
but this had little or no effect on uptake of 1 pM Cu(Il)
attached to pure human albumin or alpha-2-macro-
globulin. Mouse embryonic fibroblasts that did/did not
express Ctrl took up Cu(II) bound to albumin about as
readily as from the histidine complex at physiological
concentrations and by a single saturable process.
Uptake from mouse albumin achieved a 2-4-fold
higher Vmax (with a lower Km) than from heterolo-
gous human albumin. Maximum uptake rates from
Cu(I)-histidine were >12-fold higher (with higher
Km) than for Cu(Il), suggesting mediation by a
reductase. The presence of cell surface Cu(Il) and
Fe(Ill) reductase activity responding only slightly to
dehydroascorbate was verified. Excess Fe(IIl) inhib-
ited uptake from albumin—Cu(II). Ag(I) also inhibited,
but kinetics were not or un-competitive. In general
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there was little difference in rates/kinetics of uptake in
the Ctrl+/4 and —/— cells. Endocytosis was not
involved. We conclude that plasma proteins deliver
Cu(ID) to homologous cells with greater efficiency than
ionic copper at physiological concentrations, probably
through the mediation of a Steap Cu(II)-reductase, and
confirm the existence of an additional copper uptake
system in mammalian cells.
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Introduction

Copper is an essential cofactor for many enzymes
involved in many processes critical to life; but exactly
how it is delivered to mammalian cells from the blood
remains unclear. In the blood plasma, prevailing
evidence indicates that copper destined for uptake by
most cells is carried by plasma proteins and not by low
molecular weight complexes like with amino acids, at
least in the normal state (Linder 1991, 2010). The three
known protein carriers are albumin and transcuprein
(a macroglobulin; Liu et al. 2007), the main compo-
nents of the exchangeable plasma copper pool, which
bind Cu(Il) directly and with high affinity; plus
ceruloplasmin, the protein responsible for up to 70%
of the copper in human and rat plasma, and somewhat
less in the case of the mouse (Cabrera et al. 2008; Gray
et al. 2009). Radioactive copper tracer studies in
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animals and stable isotope studies in mice indicate that
albumin and transcuprein are the first and probably
only components to which copper ions initially bind
upon entering the blood (Cabrera et al. 2008; Linder
1991, 2002, 2010; Weiss and Linder 1985; Wirth and
Linder 1985). Administration of radioactive copper
tracer does not result in the initial labeling of any low
molecular weight components within the blood
plasma. Instead it associates with the large proteins
that make up the exchangeable copper pool. From
there, most of the copper finds its way into cells of the
liver, with a smaller proportion entering those of the
kidney, before reappearing in the blood on cerulo-
plasmin synthesized and secreted mainly by hepato-
cytes (Linder 2002, 2010; Owen 1971; Scott and
Turnlund 1994; Turnlund et al. 1998; Weiss and
Linder 1985). Albumin and transcuprein have acces-
sible binding sites for Cu(Il) (Breslow 1964; Lau and
Sarkar 1971; Masuoka et al. 1993; Moriya et al. 2008)
and can rapidly exchange copper with each other
(Linder 1991; Weiss and Linder 1985); ceruloplasmin-
copper is buried in its structure, not dialyzable, and
only extractable with disruptive procedures. Remetal-
lation of ceruloplasmin in vitro is difficult and has only
been successfully documented by one group using
complex procedures (Musci et al. 1999). Intravenous
infusion of ®’Cu-labeled ceruloplasmin produced in
donor rats found its way rapidly into the cells of
various organs (Campbell et al. 1981; Lee et al. 1993;
Weiss and Linder 1985), indicating it too is a source of
copper for cells. Moreover, rates of uptake from ®’Cu-
ceruloplasmin were more rapid than from the
exchangeable plasma copper pool (albumin and tran-
scuprein), indicating that cells in certain organs
preferred ceruloplasmin as a source (Lee et al.
1993). Inhibition of ceruloplasmin synthesis markedly
reduced the rate of appearance of °’Cu in these organs.
Separation of radiolabeled copper-binding compo-
nents of plasma or serum by size exclusion chroma-
tography showed that following injection, radioactive
tracer is not associated with low molecular weight
material of the size of amino acids or metabolites
(Linder 1991, 2002, 2010; Weiss and Linder 1985).
Also, no “actual” stable copper in components of that
size have been detected (Cabrera et al. 2008; Gercken
and Barnes 1991; Gray et al. 2009; Linder 1991, 2010;
Mestek et al. 2002; Shum and Houk 1993; Wirth and
Linder 1985). Within cells, copper is carried on
proteins (Cu-chaperones) that transfer the element to
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intracellular enzymes and organelles (Festa and Thiele
2011; Linder 2010; Lutsenko 2010). Although copper
is bound to and carried by proteins in the mammalian
organism, uptake studies with cultured cells have
almost always been carried out with copper salts or the
Cu(II)-histidine complex, which does not reflect “real
life”. We instead are studying how the plasma proteins
implicated in transport may be delivering the copper.

A major question is then: To what uptake system (or
systems) is the copper being delivered, and exactly
how is this happening? The only recognized copper-
specific transporter so far identified that normally
resides in the plasma membrane is CTR1 (Festa and
Thiele 2011; Kuo et al. 2001; Lee et al. 2001, 2002a;
Zhou and Gitschier 1997). It takes up Cu(l) and is
inhibited by Ag(I). CTR2 is also specific for Cu(I) and
inhibited by Ag(I); but it is unlikely to localize to the
plasma membrane (Rees and Thiele 2007; van den
Berghe et al. 2007) and may be an efflux protein to the
cytosol from lysosomes and endosomes. [When
transfected into COS-7 cells, some was present in
the plasma membrane and stimulated Cu(I) uptake
(Bertinato et al. 2008). However, CTR1 and CTR2
appear to have opposing functions, knockdown of
CTRI1 lowering uptake of cisplatin but CTR2 knock-
down enhancing it (through increased macropinocy-
tosis) (Abada and Howell 2010; Blair et al. 2011).] In
enterocytes, DMT1 may also play a role in uptake of
copper from the intestinal lumen (Arredondo et al.
2003; Linder et al. 2003); but it does not appear to play
a role in uptake of Cu from plasma albumin or
transcuprein by hepatic and mammary epithelial cells,
where this has been studied (Moriya et al. 2008), there
being no inhibition of copper uptake by high concen-
trations of Fe(II).

CTR1 would thus appear to be the most likely
transporter involved in uptake of copper by cells from
albumin and transcuprein. However, in uptake studies
we performed with hepatic (HepG2) and mammary
(PMC42) cells, 50-200 pM Ag(I) did not inhibit
copper uptake from albumin in either cell type, and
only partially inhibited uptake from alpha-2-macro-
globulin (a2M) in HepG2 but not PMC42 cells
(Moriya et al. 2008). This implied that CTR1 was
not the main transporter involved and that other uptake
systems for copper must be present. Studies with
mouse embryonic fibroblasts lacking Ctrl also indi-
cated the presence of an additional copper uptake
system (Lee et al. 2002b). The objectives of the studies
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reported here were to further explore the involvement
or lack of involvement of CTR1 in uptake of copper
from plasma proteins, using cells with knocked down
and knocked out transporter expression.

Materials and methods
Protein purification and loading with **Cu tracer

These procedures were carried out as previously
described (Moriya et al. 2008). Briefly, mouse and
human albumin were purified from blood plasma by a
combination of Affigel Blue (Cibacron blue) and size
exclusion chromatography, purity determined by
SDS-PAGE. a2M was purified from human plasma
by the protocol from Salvatore Pizzo’s laboratory
(Duke University), using a combination of PEG 8000
fractionation (4-16%) and Zn-affinity chromatogra-
phy. Purified proteins were stripped of endogenous Cu
by dialysis against 100 pM histidine in 20 mM K
phosphate, pH 7, followed by the same buffer without
histidine. Proteins were loaded with ®*Cu-labeled Cu-
nitrilotriacetate (NTA) for 1 h at 4°, prior to cell
uptake studies, using a ratio of 1 Cu/molecule for
albumin and 2/molecule for a2M tetramer (Moriya
et al. 2008). ®*Cu-labeled Cu—histidine was prepared
from Cu-NTA with ratios of Cu:his of 1:2-200. **Cu
tracer was obtained from the Mallinkrodt Institute of
Radiology at Washington University, St Louis.

Cells and culturing

Cultured cell lines used were human hepatoma cells,
HepG2; a human mammary epithelial cell model,
PMC42 (Moriya et al. 2008); and mouse embryonic
fibroblasts expressing (Ctrl 4/+4) and not expressing
(Ctrl —/—) copper transporter 1 (kindly provided by
Dennis Thiele, Duke University). HepG2 and PMC42
cells were cultured in MEM (supplemented with
1 mM sodium pyruvate and 0.1 mM non-essential
amino acids) and RPMI-1640, respectively, contain-
ing 10% fetal bovine serum (FBS). Fibroblasts were
cultured in MEM, with 10 or 20% FBS, 1 mM sodium
pyruvate, and 0.1 mM non-essential amino acids.
Knockdown of CTRI expression in HepG2 and
PMCA42 cells was performed by reverse transfection
for periods spanning 48-96 h with CTR1-specific and

scrambled siRNA (30-55 nM) (Dharmacon, Thermo
Fisher, Lafayette CO) delivered by Lipofectamine
RNAi-Max (Invitrogen, Carlsbad) at doses of 1 pl per
1.2 ml

Cu uptake studies

Uptake studies with HepG2 and PMC42 cells were
carried out in 24 well plates or 12-well Transwell
plates, respectively, over 30 min using Hepes buffer
(with glucose and other components) to which **Cu-
labeled Cu-complexes with plasma proteins or histi-
dine were added, as previously described (Moriya
et al. 2008). Fibroblasts grown in 6 or 12-well plates
were thoroughly washed 3 x with warm MEM, prior to
initiation of uptake studies, carried out with pure
%4Cu—protein complexes or Cu—his in MEM (without
serum), for 7.5 or 15 min, during which accumulation
in cells was linear. For all cell types, radioactivity
incorporated into cells was determined after they were
washed 3x with ice-cold PBS containing 10 uM
histidine, lysed, and counted for radioactivity in a
gamma counter, as previously described (Moriya et al.
2008). Cu uptake rates were calculated based on the %
Cu accumulating in the cells. Values are given as
pmol/min/mg cell protein, the latter determined with
BCA or the Bradford assay, with bovine serum
albumin as standard. In some cases, silver ions (as
AgNO;3) and/or ascorbate (I mM) were included.
Ascorbate reduced Cu(Il)-Cu(I). In some cases,
cells were pretreated with dehydroascorbate (DHA;
200 pM) for 4 h prior to measurements of uptake
rates. Effects of endocytosis inhibitors were examined
by pretreating cells with fluorosulfonylbenzoyladeno-
sine (FSBA; 100 uM) in MEM without FBS, or
nocodazole (5 ptM) in MEM plus 1% FBS for 1.5 h
prior to uptake studies over 15 min. Control cells were
given equal volumes of the vehicle (DMSO) in which
the inhibitors were dissolved (100 and 0.45 pl per ml,
for FSBA and nocodazole, respectively).

Measurement of Cu(Il) and Fe(III) reductase
activity

Post-confluent cells in 6-well plates were assayed for
reductase activities as described by Wyman et al.
(2008). After washing 3x with PBS, cells were
incubated in a MOPS/MES medium (25 mM MOPS,
25 mM MES, 5.4 mM KCI, 5 mM glucose, 140 mM
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NaCl, 1.8 mM CaCl,, 800 uM MgCl,, pH 7.2)
supplemented with 50 or 100 uM Cu(II)-NTA and
200 pM bathocuproinedisulfonate (BCS), or 50 or
100 pM Fe(IIT)-NTA and 200 pM 3-(2-pyridyl)-5,6-
diphenyl-1,2,4-triazine-p,p’-disulfonic acid, disodium
salt hydrate (ferrozine). Accumulation of Cu(I)-BCS
in the medium over time (at 37°C) was followed at
482 nm, that of Fe(Il)-ferrozine at 562 nm. Standard
curves for the complexes were constructed to allow
calculation of reductase rates in terms of nmol/min/mg
cell protein, the latter after assay of cell lysates for
protein by the BCA procedure.

Quantitation of mRNA

Quantitative real time PCR was performed on cDNA
samples prepared from total RNA extracted from cells
by the RNA-Bee RNA isolation reagent (Tel-Test;
Friendswood, TX), using the BioRad iCycler, and
primers and probes designed and provided by Applied
Biosystems (Carlsbad, CA).

Statistics

Calculations were performed by ¢ test; P values <0.05,
for differences between means, were considered
significant.

Results

Effect of CTR1 knockdown on uptake of Cu
from albumin and transcuprein by HepG2
and PMC42 cells

To test whether CTR1 was involved in uptake of
copper from human albumin and transcuprein (a2M),
cells were pretreated with CTRI1-specific siRNA
during plating, and CTR1 mRNA levels were moni-
tored over 96 h. As shownin Fig. 1a, quantitative (real
time) PCR measurements of cDNA from the hepatic
(HepG2) and mammary epithelial (PMC42) cells
revealed that CTR1 mRNA levels were markedly
reduced by CTRI-specific siRNA treatment, com-
pared with controls treated with scrambled siRNA,
and relative to 18S rRNA. Combined data from 2 to 3
experiments (each in triplicate) showed an average
expression reduction of about 85% in the HepG2 cells
and 65% in the PMC42 cells by 96 h. This was not
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accompanied by a notable decrease in rates of uptake
of copper from either transcuprein or albumin.
Figure 1b shows the effects of specific siRNA on
rates of uptake as a percentage of those for controls
receiving scrambled siRNA in the same experiment,
providing Cu(Il) attached to human a2M or albumin.
Throughout, Cu concentrations were 1 uM, which is at
the low end of the range of Cu concentrations
associated with these proteins in plasma (Moriya
et al. 2008). siRNA treatment did not change uptake
rates in HepG2 cells provided with Cu(II)-a2M, and
only decreased it 15-20% in the case of mammary
epithelial cells given Cu(Il)-a2M and HepG2 cells
given Cu(Il)-albumin. This implies that CTR1 is not
the main or only physiological copper uptake system
in these cells. Since most other investigators use Cu—
histidine to study uptake, we also examined the
potential effects of CTR1 knockdown on uptake from
this complex (Fig. 1c). Uptake from the Cu(Il)—
dihistidine complex was not altered by knocking
down expression of CTRI.

We also re-examined the effects of Ag(I), an
established inhibitor of Cu(I) uptake by CTR1 (Lee
et al. 2002a). A large excess of Ag(I) (200 uM) had
very little effect on uptake of 1 pM Cu(Il) delivered on
a2M, albumin or di-histidine to hepatic and mammary
cells. Multiple studies with each of these ligands and
HepG2 cells gave an average inhibition by Ag(I) of
20-22% (P < 0.01-0.001; Mean £ SD, N = 6-9).
With the mammary cells, no significant inhibition was
observed (data not shown); all again implying CTR1
was not the main transporter involved.

Copper uptake from plasma proteins by mouse
fibroblasts expressing and not expressing Ctrl

To further determine the role of CTR1 in uptake of
copper from plasma proteins by various cell types, we
turned to cells that clearly do and do not express this
transporter, namely mouse embryonic fibroblasts
kindly provided by Dennis Thiele (Duke University)
and described in the publications by Lee et al. (2002a,
b). In our hands, the null cells grew somewhat slower
than the wild type. Both lines exhibited some toxic
sensitivity to Ag(I), not tolerating exposure to con-
centrations above 20 pM, and particularly so in the
case of the null cells. Both cell lines also tended to lift
off the flasks when incubated in the Hepes-buffered
saline solution normally used for copper uptake
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Fig. 1 Effect of CTR1 siRNA knockdown on uptake of copper
from plasma proteins by human hepatic (Hep) and mammary
(Mamm) cells. HepG2 and PMC42 cells were treated with
CTRI1-specific or scrambled (Scrm) siRNA for 96 h then
analyzed for levels of CTR1 mRNA (a) or rates of 1 pM copper
uptake from human transcuprein (alpha-2-macroglobulin; a2M)

studies in the case of HepG2 and PMC42 cells (see
“Materials and methods” section). As a result, uptake
studies with the fibroblasts were performed in MEM
(without added serum).

Negligible levels of Ctrl mRNA were detected in
the null cells (Fig. 2a). A comparison of rates of
Cu(@) uptake (1 pM) from histidine, human a2M/
transcuprein, and human albumin, in null cells
(Ctrl—/—) and those of the control (wild type
Ctrl+/4) cells is shown in Fig. 2b. Absence of Ctrl
did not inhibit uptake of Cu(l) from these sources.
Actual uptake rates from these three sources were
quite similar at the 1 pM Cu concentrations tested—
which are at the low end of the physiological range for
Cu associated with albumin and transcuprein (Moriya
et al. 2008). Clearly also in these cells, Ctrl was not
the main copper uptake system, and a robust additional
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or albumin (Alb) (b) or Cu(Il)—dihistidine (¢). Values for CTR1
mRNA are relative to 18S rRNA levels in the same samples;
rates of copper uptake are given as a percent of the average value
obtained for the scrambled siRNA-treated control cells.
*P < 0.01-0.001 for difference from the control cell results

system was present, as previously reported by Lee
et al. (2002b).

The kinetics of uptake of Cu from histidine and the
plasma proteins were then examined. Figure 3a shows
the results of initial experiments for uptake of
Cu(I) and Cu(Il) provided as the histidine complex.
These were carried out in the Ctrl—/— cells, since
almost identical uptake rates were observed in the
Ctr1+4/+ cells, and the kinetic data would indicate
something about the ionic state of copper preferred by
the unknown uptake system. Clearly, rates were much
higher when cuprous ions were provided (Fig. 3a,
compare diamonds and triangles). Looking at individ-
ual examples of detailed curves for each copper form
(Fig. 3b, c) obtained in later parallel studies, the
maximal apparent rate of Cu(Il) uptake (Vmax) was
about 12-fold lower for Cu(Il) than Cu(I) (40 vs
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Fig. 2 Ctrl expression and rates of copper uptake by mouse
embryonic fibroblasts expressing and not expressing Ctrl.
(a) Relative quantities of Ctrl mRNA detected in the wild type
(Ctrl+/4) and null (Ctrl—/—) cells, expressed relative to
values for 18S rRNA. (b) Rates of 1 pM copper uptake from
histidine (His) or human transcuprein (alpha-2-macroglobulin;

489 pmol/min/mg cell protein). This difference was
replicated in several parallel studies, although there
was variation in absolute values from one set of cells to
another over the 15 month period involved.

There are two possible interpretations of this result.
First, there could be two separate uptake systems, one
for Cu(Il) the other for Cu(I). Alternatively (and more
likely), the unknown uptake system prefers Cu(I), and
rates of Cu(Il) uptake are much lower because the
Cu(II) needs first to be reduced before it can enter the
cell. The reduction of Cu(Il) would thus be the rate
limiting step for uptake, and the apparent kinetics of
Cu(II) uptake determined would really be the kinetics
of Cu(Il) reduction. It is noteworthy that the kinetics of
Cu(II) and Cu(I) uptake were very different not only in
terms of Vmax, but also in terms of Km, which would
be consistent with different uptake mechanisms. If the
kinetics for Cu(Il) reflect reductase Kkinetics, it is
noteworthy that the affinity for Cu(Il) was greater (Km
about 1 uM) than that for Cu(I)-histidine (Km 6 pM
or higher). The results also indicate that the main
unknown copper uptake system present in the
Ctrl —/— cells, like CTR1, prefers Cu(l).

To determine whether a reductase was present on the
surface of these mouse embryonic fibroblasts, we
applied the assay developed by Wyman et al. (2008)
to measure iron and copper reductase activity (dCytb) on
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a2M) or albumin (Alb), in the wild type and null cells. In this
case, uptake was in the presence of 1 mM ascorbate, which
reduced the Cu(Il) to Cu(I) while still remaining bound to the
proteins or histidine. All values are means + SD (N = 3-6)
*P < 0.01-0.001 for difference from the wild type

the surface of enterocytes, which follows the appearance
of colored complexes of the reduced metal ions, over
time. Figure 4 shows examples of the linear accumu-
lation of reduced copper and iron ions in the culture
medium over time when the human HepG2 cells (A) and
mouse fibroblasts (B) were incubated with 50 uM
concentrations of Cu(Il) and Fe(Il) as the NTA
complexes (see “Materials and methods” section), in
the presence of chelators for the reduced metal ions.
Reductase activity for both metals was clearly present.

The kinetics of copper uptake from albumin (vs
histidine) were then examined, first using Cu(Il)
bound to human albumin. The data in Fig. 5a show
that the Ctrl +/+ and —/— cells displayed similar
kinetics and had maximal rates (6—7 pmol/min/mg
cell protein) in the range of those for Cu(II)-his. This
would fit with the concept that the Cu(I) on human
albumin also needs to be reduced before it can enter
the cells through the transport system present. Rates of
uptake were somewhat inhibited by 5 uM
Ag(D) (Fig. 5b), more so in the case of the Ctrl+/+
cells. Kinetic calculations and double reciprocal plots
indicated that the inhibition was not competitive. One
study with Ctrl4-/4 cells suggested kinetics were
uncompetitive (Fig. 5c); but with Ctrl —/— cells there
were clear reductions in Vmax and less change in Km
(data not shown).
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Fig. 3 Kinetics of Cu(Il) and Cu(l) uptake from the histidine
complex by mouse embryonic fibroblasts null for Ctrl.
(a) Combined data for kinetic results for Cu(Il) (diamonds)
and Cu(I) (triangles) uptake rates at different copper concen-
trations. Error bars are SD for Means from 36 rates obtained at
the same copper concentration in separate experiments. Vmax
was 186 pmol/min/mg cell protein; Km was 36 uM. (Several
data points £SD in the range of 0.1-2 pM copper are present
and hard to distinguish in this version of the figure.)
(b, ¢) Representative examples of detailed results for Cu(Il)
(b) and Cu(I) (c) kinetics obtained from another set of parallel
experiments. Each point represents the mean £ SD for N = 3

Cu(Il) attached to human albumin gave somewhat
lower Vmax values than Cu(Il)-histidine. So we
examined the question of whether binding to species—

homologous albumin would provide a better rate of
copper uptake than heterologous human albumin.
Mouse albumin was therefore purified and used in
parallel kinetic studies, after loading with Cu(Il)-
NTA. An example of the results is shown in Fig. 5d. In
multiple studies with Ctrl null cells over 8 months,
maximal rates (Vmax values) obtained ranged from 14
to 36 pmol/min/mg cell protein; Kms were 1.0-1.3.
Thus, maximal rates were much higher for uptake
from homologous versus heterologous albumin, while
apparent affinities were similar (Kms of 1-3 pM).
This suggested either that reduction was not required
when native albumin delivered the copper, or that the
homologous albumin led to more efficient reduction of
the albumin—Cu(Il). Uptake of Cu(Il) from mouse
albumin in the presence of 5 pM Ag(I) changed both
Vmax and Km in the Ctrl—/— fibroblasts (data not
shown). These results indicate that the unknown
uptake system, like CTR1, is also sensitive to silver,
but that inhibition does not occur through competition
for uptake by the metal ions.

Evidence for the involvement of a reductase
in mediating copper uptake from albumin

Virtually all of the presently known cell surface
copper reductases also reduce iron and they fall into
two categories, the cytochrome b variety (Knopfel and
Solioz 2002; Vargas et al. 2003; Wyman et al. 2008)
and the Steap family of proteins (Knutson 2007;
Ohgami et al. 2006). In general, rates of copper
reduction are greater than those for iron, and we found
this to be the case also for the reductase activity in the
hepatic and fibroblast cells we were using (Fig. 4). To
begin to identify the type of reductase involved, we
checked whether the activity of the mouse fibroblasts
would be enhanced by preloading them with DHA, as
is the case with dCytb (where activity was enhanced
3-fourfold by this procedure) (Wyman et al. 2008). As
shown in Fig. 6a, the availability of more ascorbate
(produced by this treatment) did not have a marked
effect on either the ferric or cupric reductase activities.
It also had no effect on the rate of copper uptake from
Cu(Il)-mouse albumin (Fig. 6b).

If a Cu/Fe reductase is mediating uptake of Cu(Il),
then we would expect that Fe(IIT) would inhibit Cu(II)
uptake. Therefore, we examined the effect of excess
Fe(IIT) on uptake of 1 M Cu from Cu(Il)-albumin.
As shown in Fig. 7, there was marked inhibition in the
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Fig. 4 External copper and iron reductase activity of human
hepatic cells and mouse embryonic fibroblasts. Accumulation of
Cu(I)-BCS complex (upper curves) and Fe(Il)-ferrozine
complex (lower curves) in the medium of HepG2 cells (a) and

presence 25 uM Fe(III)-NTA. This strongly supports
the concept that the reductase is mediating uptake of
Cu(Il) from albumin, and that Cu(Il) from albumin
must be reduced to Cu(l) in order to enter the cell
through the unknown transporter.

Potential involvement of endocytosis

Although the saturation kinetic results for copper
uptake from albumin were most consistent with uptake
occurring via facilitated diffusion through a cell
surface transporter, like CTR1, we considered the
possibility that endocytosis of the Cu—albumin com-
plex might be occurring instead, and so examined the
effects of endocytosis inhibitors. As shown in Fig. 8,
neither FSBA (which prevents the first step in
endocytosis; Olusanya et al. 2001) nor nocodazole
(which depolymerizes microtubules; Turner and Tar-
takoff 1989) inhibited uptake.

Discussion

We have further examined the relative importance of
the only major copper-specific cell uptake transporter
so far identified (CTR1) for uptake of this important
metal ion by mammalian cells. Our studies differ from
those of most other investigators because we presented
the metal ion in the forms in which it is presented in
vivo, namely attached to the proteins that carry it in the
blood plasma. The two proteins examined here
(albumin and transcuprein) are the main constituents
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mouse embryonic fibroblasts (b) (Ctrl14-/4). The y axis shows
the increases in absorbance of the complexes when substrates
were provided as 50 pM Cu(II) or Fe(III)-NTA. Absorbance has
been corrected for cell number, values being A/mg cell protein

of the exchangeable copper pool of that fluid. We
examined uptake rates using cultured cells and con-
centrations of Cu(II)-protein complexes that are in the
physiological range, which is 2-5 uM Cu (Linder
2002, 2010; Moriya et al. 2008). In the three cell types
examined (hepatic, mammary epithelial and fibro-
blasts), uptake rates of 1 uM Cu(Il) bound to the pure
proteins were in the same range as those for ionic
copper bound to histidine, the form most commonly
used by other investigators. This indicates that
although tightly bound to the plasma proteins, the
copper was readily available for uptake. As concerns
CTR1, knockdown or knockout of CTR1 made little
difference. Uptake rates were (at most) reduced by
20%. In the case of the human cell lines, we were not
able to obtain reliable immunoblotting data to verify
that CTR1 protein had been depleted. However, the
same results were obtained with the fibroblasts in
which Ctrl was clearly not expressed. Minimal
inhibitory effects of Ag(I) corroborated these findings,
indicating quite clearly that at least in the cell models
examined here, CTR1 is not the major plasma
membrane uptake system for copper.

Our results are in agreement with the conclusions of
our previous findings for HepG2 and PMC42 cells that
an excess of silver ions had little effect on Cu(Il)
uptake from human albumin and transcuprein (a2M)
(Moriya et al. 2008). Our findings are also in
agreement with the previous report of Lee et al
(2002b), using the same mouse embryonic fibroblasts,
that there still is uptake of copper in the absence of
Ctrl expression (in that case most probably presented
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Fig. 5 Kinetics of Cu(ll) uptake from human and mouse
albumin by the mouse embryonic fibroblasts and effect of Ag(I).
(a) Example of comparative results obtained with human
Cu(II)-albumin for Ctrl wild type and null cells. Vmax values
(in pmol/mi/mg cell protein) and Kms (uM) for the wild type
and null cells, are indicated. (b) Kinetics in the presence of 5 pM
Ag(I) from the same experiments. Vmax values changed from
6.0 and 6.8 to 2.5 and 5.5 pmol/min/mg cell protein, Kms

as **Cu-labeled CuCl,); and they showed that dona-
tion of 2 uM Cu(Il) by bovine serum albumin gave
uptake rates tenfold lower than from the histidine
complex. In our studies with Cu(Il)-albumin, rates of
uptake (which were always initial rates) were gener-
ally almost the same in the Ctrl—/— and Ctrl+/4+
fibroblasts in a given set of parallel experiments,
although the null cells grew more slowly. This
suggests that even in the fibroblasts that do express
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remaining about the same, going from 1.4 and 1.9 to 1.7 and
0.7 pM with Ag(I). (¢) Double reciprocal plots of the
+Ag(]) data for Ctr1+4-/+ cells in (b), Upper curve +Ag, lower
curve —Ag which suggested uncompetitive kinetics. (d) Repre-
sentative example of kinetics of Cu(II) uptake from mouse
albumin by Ctrl—/— mouse embryonic fibroblasts. Vmax
(pmol/min/mg cell protein) and Km (uM) are indicated

Ctrl, most of the transporter is not on the plasma
membrane, although other explanations are possible.

In the Ctrl +/+ and null fibroblasts, providing
copper as the Cu(Il)-albumin complex resulted in
kinetics that indicated the presence of a single
saturable uptake system, which had Kms of 1-2 uM,
e.g. right within the physiological range. Notably, both
the maximum velocities of uptake and affinity con-
stants (Kms) were better when homologous mouse
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Fig. 7 Inhibition of uptake of Cu(Il) from albumin by excess
Fe(II). Uptake of copper from human albumin (1 pM Cu) by
wild type and Ctrl-null mouse embryonic fibroblasts was
measured in the absence (—Fe) and presence (+Fe) of 25 uM
Fe(III)-NTA. Values are means + SD, for N = 6. *P < 0.001
for difference from —Fe controls

albumin rather than human albumin was used to
deliver the trace element. For the human albumin
complex, Vmax values were 6—7 pmol/min/mg cell
protein compared to 14-22 for mouse albumin, while
Kms were 2 versus 1 puM, respectively. When studied
in the same sets of cells, kinetic parameters for Cu(Il)—
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methods” section). Values are means =+ SD, for N = 3.
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histidine were close to those of Cu(Il)-human
albumin.

Of particular note was our finding that reduction of
the copper in the histidine complex always greatly
increased the rates of uptake. This was studied mainly
in the Ctr1—/— cells in order to better characterize the
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unknown uptake system. Although there was consid-
erable variation in the results obtained with these cells
at two different times in the period of a year (Fig. 3a vs
b, ¢), maximal rates were always at least 12-fold
higher for Cu(I) versus Cu(Il). (However, Kms were
also much higher.) This implies either that there are
two separate uptake systems for Cu(Il) and Cu(l),
when presented in ionic form, or that the rate of Cu(II)
uptake is limited by the rate at which it can be reduced
by a cell surface cupric reductase. Since we found that
cupric reductase activity was present, it seems more
likely that the latter interpretation is correct. Our
measurements of reductase activity gave values in the
range of 120 pmol/min/mg cell protein for the Ctr1+4/
+ fibroblasts, when substrate [Cu(II)] concentrations
were 50 M. Maximal uptake rates for Cu(Il) ranged
from 6 to 40 pmol/min/mg cell protein. Since we do
not have kinetic information on the reductase, includ-
ing its affinities for Cu(II) provided as the histidine or
albumin complexes, we can only say that it is entirely
within reason that reduction could be the rate limiting
step for uptake of Cu(Il) from these carriers.

Further evidence that reduction is mediating uptake
of copper from albumin comes from our findings that
an excess of Fe(IIl) markedly inhibited the process. In
both Ctr1+/4 and null fibroblasts, a 25:1 molar ratio
of Fe(Ill) to Cu(Il)—on human albumin resulted in
60-75% less uptake. As far as we have been able to
determine from the literature, all the known mamma-
lian cupric reductases are also ferric reductases
(Knopfel and Solioz 2002; Knutson 2007; Ohgami
et al. 2006). We thus reasoned that Fe(IlI) would
compete with Cu(Il) for the reductase electrons,
inhibiting production of Cu(I) that could enter through
the unknown Cu(I) transporter, and our findings are
consistent with this hypothesis. If that is the case, the
physiologically relevant scenario for delivery of
copper to cells from the plasma protein, albumin
(and probably also from a2M), would be that the
Cu(II)-protein complex binds to the cell surface
reductase in the vicinity of CTR1 or the unknown
Cu(I) transporter (or binds to both the reductase and
transporter), which results in reduction and transfer of
the resulting Cu(]) to the uptake system. Albumin from
the same species as the cells is more effective in Cu(II)
delivery (higher maximum rates and lower Km). The
nature of the reductase involved has not yet been
determined; but based on what is known about organ

cell expression (Knopfel and Solioz 2002; Knutson
2007; Ohgami et al. 2006; Vargas et al. 2003) and the
fact that pretreatment with dehydroascorbate did not
markedly enhance reductase activities (Wyman
et al. 2008), one of the Steaps is most likely to be
involved.

As concerns the unknown transporter in the mouse
fibroblasts, our evidence indicates that uptake of
Cu(ID) from albumin is sensitive to Ag(I). Thus, either
the activity of the transporter or the reductase (or both)
can be inhibited by this ion which has chemical
similarities with Cu(I). In the case of CTR1, it has been
assumed that Ag(I) is competing with Cu(I) for sites in
the transporter, since Ag(l) markedly inhibits
Cu(l) uptake (Lee et al. 2002a, b). However, it appears
that actual kinetic analyses of the Ag(I) effect have not
been carried out, and so the nature of the inhibitory
effect when studying Cu(I) uptake in the presence of
Ag(I) remains unclear. In the case reported here, we
found an inhibitory effect of Ag(I) on uptake of Cu(Il)
from albumin in the Ctrl null fibroblasts. However,
the kinetics indicated this effect was not competitive,
implying no direct interaction between the metal ions
at the uptake sites. [The metal ions would, however,
compete for electrons and inhibit each other’s reduc-
tion, consistent with the inhibition of Cu(II) uptake by
excess Fe(III).]

It seems unlikely that the unknown transporter is
CTR2, for reasons already provided in the Introduc-
tion, although that needs to be verified. It also seems
unlikely that uptake of Cu(Il) from albumin is by an
independent system for albumin involving endocyto-
sis, although this also needs to be further examined.
Uptake was by a saturable system, and there was linear
accumulation of copper within the cells over time,
which together would not seem to fit with endocytosis.
In addition, we found that two different inhibitors of
endocytosis failed to prevent copper uptake.
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