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Copper is an essential trace element that functions in a diverse
array of biochemical processes that include mitochondrial res-
piration, neurotransmitter biogenesis, connective tissue matu-
ration, and reactive oxygen chemistry. The Ctrl protein is a
high-affinity Cu™ importer that is structurally and functionally
conserved in yeast, plants, fruit flies, and humans and that, in all
of these organisms, is localized to the plasma membrane and
intracellular vesicles. Although intestinal epithelial cell-specific
deletion of Ctr1 in mice demonstrated a critical role for Ctr1 in
dietary copper absorption, some controversy exists over the
localization of Ctrl in intestinal epithelial cells in vivo. In this
work, we assess the localization of Ctrl in intestinal epithelial
cells through two independent mechanisms. Using immunohis-
tochemistry, we demonstrate that Ctrl localizes to the apical
membrane in intestinal epithelial cells of the mouse, rat, and pig.
Moreover, biotinylation of intestinal luminal proteins from
mice fed a control or a copper-deficient diet showed elevated
levels of both total and apical membrane Ctrl protein in
response to transient dietary copper limitation. Experiments in
cultured HEK293T cells demonstrated that alterations in the
levels of the glycosylated form of Ctrl in response to copper
availability were a time-dependent, copper-specific posttransla-
tional response. Taken together, these results demonstrate api-
cal localization of Ctrl in intestinal epithelia across three
mammalian species and suggest that increased Ctr1 apical local-
ization in response to dietary copper limitation may represent
an adaptive response to homeostatically modulate Ctrl avail-
ability at the site of intestinal copper absorption.

Copper is an essential trace element that supports catalysis
by a wide range of enzymatic activities that include lysyl oxi-
dase, copper/zinc-superoxide dismutase, dopamine [-mo-
nooxygenase, and others that carry out key physiological func-
tions (1-5). Mammalian copper deficiency leads to defects in
growth, development, and cognition, and recent reports indi-
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cate that many patients undergoing bariatric surgery or with
other conditions that lead to a copper deficiency may experi-
ence severe myeloneuropathy (6, 7).

Consequently, it is important to identify those components
that carry out copper uptake, distribution, and utilization and
to understand how these components are regulated in their
abundance, activity, or subcellular localization. Many proteins
have been identified that play key functions in mammalian cop-
per homeostasis, yet we know relatively little about their
detailed mechanisms of action in cultured cells or in distinct
tissues or cell types in vivo (3, 4, 8).

Previous studies indicate that dietary copper absorption
occurs largely in the small intestine (9). Moreover, mammals
preconditioned on a copper-deficient diet demonstrate
strongly enhanced uptake of copper in a subsequent exposure
compared with control subjects, suggesting a regulatory mech-
anism for controlling dietary copper uptake in response to cop-
per status (10—12). Although the mechanisms underlying this
regulation are not understood, Ctr1 is a high-affinity copper(I)
transporter that is conserved in overall structure and function
from yeast to humans (3, 13, 14). In both yeast and cultured
mammalian cells, Ctrl has been shown to traffic from the
plasma membrane to intracellular compartments both consti-
tutively and in response to elevated copper levels, prompting
speculation that intestinal Ctrl may play a significant role in
intestinal copper absorption and its regulation (15-17). Mice
with an intestinal epithelial cell (IEC)3-specific Ctrl knock-out
(Ctr1™¥"*) show severe copper deficiency in peripheral tissues
and die ~3 weeks after birth (18). The ability to rescue
Ctr1™*™* mice with a single intraperitoneal copper injection to
bypass intestinal absorption strongly suggests that intestinal
epithelial Ctr1 plays a critical role in dietary copper absorption
(18).

Previous reports suggest that Ctrl resides on the apical
membrane and in intracellular vesicular compartments of
rodent IEC (Refs. 11, 18, and 19 and reviewed in Ref. 8). How-
ever, a recent report by Zimnicka et al. (20) suggests that Ctrl
resides exclusively on the basolateral membrane of Caco-2
cells, a cell culture model for polarized epithelial cells, and on
the basolateral membrane of mouse IEC. As copper acquisition

3 The abbreviations used are: IEC, intestinal epithelial cell(s); E, embryonic day;
BCS, bathocuproine disulfonate.
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is critical for normal growth, development, cognition, and neu-
rological function (1-5) and Ctrl plays a vital role in dietary
copper absorption through the intestine (18), it is important to
clearly establish the location of Ctrl in IEC in vivo. In this study,
we demonstrate apical localization of Ctrl in mouse, rat, and
pig intestine using immunohistochemistry analysis. Moreover,
intestinal luminal cell surface biotinylation and cell culture
experiments demonstrate elevated levels of Ctrl at the apical
surface in response to a copper limitation and suggest that
changes in the abundance of apical Ctrl, at a posttranslational
level, may contribute to the regulation of dietary copper uptake
in the intestine as a function of copper status.

MATERIALS AND METHODS

Antibodies—Generation of the anti-Ctrl antibody was de-
scribed and characterized previously (18). The anti-Ctrl ami-
no-terminal antibody was a gift from Dr. Jack H. Kaplan, Uni-
versity of Illinois (Chicago, IL). The anti-hephaestin antibody
(HEPH11-A) was purchased from Alpha Diagnostics (San
Antonio, TX). The anti-sodium/potassium/chloride co-trans-
porter antibody (NKCC; T4) was obtained from the Develop-
mental Studies Hybridoma Bank at the Department of Biology,
University of Iowa (Iowa City, IA). The anti-superoxide dis-
mutase antibody (SOD1; SOD-100) was purchased from
Assay Designs (Ann Arbor, MI). The anti-copper chaperone
for superoxide dismutase antibody (CCS; FL274) was pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). The anti-Cox IV subunit IV antibody was purchased
from MitoScience Inc. (Eugene, OR). The anti-sodium/glucose
co-transporter antibody (SGLT1; ab14686) was purchased
from Abcam (Cambridge, MA). The anti-actin antibody
(A5060) was purchased from Sigma. The anti-Na™/K*-ATPase
al subunit antibody was purchased from Millipore (Temecula,
CA). The anti-B-tubulin antibody (9F3) was purchased from
Cell Signaling Technology (Danvers, MA). Alexa Fluor 488
anti-rabbit IgG and Alexa Fluor 568 anti-mouse IgG were
obtained from Invitrogen.

Cell Culture, Animals, and Tissue Preparations—The Ctrl
knock-out (Ctr1~'~, E8) and WT E3 mouse embryonic fibro-
blasts and their culture conditions were described previously
(21). At ~60% confluency, cells were rinsed with ice-cold PBS
(pH 7.4), scraped in the same buffer to harvest, and centrifuged
at 200 X g for 5 min at 4 °C. The cells were lysed in cell lysis
buffer (PBS (pH 7.4), 1% (v/v) Triton X-100, 0.1% (w/v) SDS, 1
mM EDTA) containing a protease inhibitor mixture (Complete,
EDTA-free; Roche) at 4 °C for >1 h with gentle agitation, fol-
lowed by centrifugation at 16,000 X g for 20 min at 4 °C to
remove insoluble material. Protein concentrations were mea-
sured using a Bio-Rad DC protein assay kit (500-0002, Bio-Rad).
The indicated amount of protein extract was fractionated by
SDS-gel electrophoresis on 4—20% gradient gels (Bio-Rad) and
immunoblotted. The antibodies used are described in the figure
legends. Human embryonic kidney cells (HEK293T) were cul-
tured in DMEM supplemented with 10% (v/v) fetal bovine
serum. The cells were pretreated with 100 mg/ml cyclohexi-
mide for 20 min; treated with CuSO,, bathocuproine disulfon-
ate (BCS), ferricammonium sulfate, or ZnCl,; and incubated as
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described in the figure legends. Total protein was extracted and
subjected to immunoblotting as described above.

The intestinal Ctrl knock-out mice (Ctr1”***) and control
mice (CtrF"*/°% and CtrV"*") were generated as described
previously (18). For the copper-deficient diet treatment, WT
mice (C57BL/6], Jackson Laboratory, Bar Harbor, ME) 4 weeks
of age received the control diet (CA.170481) or the copper-
deficient diet (TD.80388) (Harlan Teklad, Madison, WI) for 5
days and were killed, and the tissues were processed. For the
immunohistochemistry analysis, the mice were killed and per-
fused with PBS followed by 4% (w/v) paraformaldehyde/PBS.
An ~1-cm long section of small intestine, positioned ~0.5-1
cm from the stomach, was dissected; cut longitudinally to
open the tract; and fixed with the same fixative solution
overnight at 4 °C with gentle shaking. Rat duodenal samples
were prepared at the University of Minnesota (Duluth, MN)
using a similar protocol. Tissue was harvested from 7-week-
old male Sprague-Dawley rats fed a copper-adequate, semipu-
rified diet (TD.08584). A 5-cm portion of the pig jejunum,
located 60 cm from the terminus of the stomach, was dissected;
cut longitudinally; rinsed with ice-cold PBS; and fixed in 4%
(w/v) paraformaldehyde/PBS at 4 °C overnight. For preparation
of copper-deficient hearts, WT postnatal day 2 pups were
treated with a control or copper-deficient diet (as described
above) by feeding their dams. The pups were weaned at 3 weeks
of age. Immediately after weaning, mice were maintained with
the same diet. At 5 weeks of age, the mice were killed, their
hearts were dissected, and the total protein was extracted and
analyzed by immunoblotting as described above.

Immunohistochemistry and Confocal Immunofluorescence
Microscopy—Fixed animal tissues were immersed in 70% (v/v)
ethanol at 4 °C overnight, embedded in paraffin, and sectioned
at a thickness of 8 wm. The deparaffinized sections were heated
at 95 °C in Tris-EDTA buffer (10 mm Tris base, 1 mm EDTA,
0.05% (v/v) Tween 20 (pH 9.0)) for 20 min to expose the antigen.
For immunohistochemistry analysis, samples were subjected to
3% (v/v) hydrogen peroxide in PBS for 15 min; blocked with 1%
(w/v) BSA, 5% (v/v) normal goat serum in PBS for 30 min; and
incubated with primary antibody (as described in the figure
legends) for 1 h at room temperature. Secondary antibody incu-
bation and detection were performed following the manufac-
turer’s recommendations (Super Sensitive IHC Detection Sys-
tems, BioGenex, San Ramon, CA). After immunohistochemical
staining, tissues were counterstained with hematoxylin. For
confocal immunofluorescence microscopy, samples were
blocked with 1% (w/v) BSA, 5% (v/v) normal goat serum in PBS
for 30 min and incubated with primary antibody (as described
in the figure legends) for 1 h at room temperature. Sections
were incubated with a mixture of Alexa Fluor 488 anti-rabbit
IgG and Alexa Fluor 568 anti-mouse IgG (1:250 dilution in 1%
(w/v) BSA in PBS) overnight at 4 °C, treated with DAPI, washed
with PBS, mounted, and visualized with a Leica SP5 confocal
microscope.

Biotinylation Experiments—The entire small intestine from
PBS-perfused mice was immediately dissected, cut longitudi-
nally, and rinsed with ice-cold PBS containing a protease inhib-
itor mixture (Complete, EDTA-free). All buffers used in subse-
quent procedures contained the same protease inhibitor
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the importance of Ctrl in intestinal
copper absorption and the reports
of apical (11, 18, 19) or basolateral
(20) localization in IEC, experi-
ments were carried out to further
ascertain Ctrl subcellular localiza-
tion in IEC. Fig. 1A shows a model
for Ctrl topology based on previ-
ous protease shaving experiments,
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dilution) as a loading control.

mixture. Biotinylation was performed based on the manufac-
turer’s specifications (Sulfo-NHS-SS-Biotin, 21331, Thermo
Scientific, Rockford, IL). Small intestine samples were incu-
bated in 10 ml of PBS containing Sulfo-NHS-SS-Biotin at a final
concentration of 0.48 mg/ml for 30 min at room temperature
with gentle agitation. Samples were washed three times with
ice-cold PBS, and IEC were isolated by incubation of the intes-
tines in PBS containing 1.5 mmM EDTA for 1 h at 4 °C with gentle
agitation, as described previously (18). The IEC were collected
by centrifugation at 400 X g for 5 min at 4 °C, followed by
washing three times with ice-cold PBS. Total protein was
extracted by incubation of IEC with cell lysis buffer at 4 °C for
1 h with gentle agitation, followed by centrifugation at 16,000 X
g for 20 min at 4 °C to remove insoluble material.

Affinity purification of biotinylated proteins was performed
using the Pierce monomeric avidin kit (20227, Thermo Scien-
tific). Columns (bed volume, ~0.5 ml) of monomeric avidin-
agarose (20228, Thermo Scientific) were prepared at room tem-
perature by equilibration with 2 ml of cell lysis buffer, 2 ml of
biotin blocking/elution buffer containing 1% (v/v) Triton X-100
and 0.1% (w/v) SDS, 3 ml of regeneration buffer supplied with
1% (v/v) of Triton X-100 and 0.1% (w/v) SDS, and then 3 ml of
cell lysis buffer. Protein extracts of 0.5-ml volume containing 1
mg of protein (adjusted in cell lysis buffer) were applied to the
columns. Columns were washed with 3 ml of cell lysis buffer,
and bound protein was eluted with 3 ml of biotin blocking/
elution buffer containing 1% (v/v) Triton X-100 and 0.1% (w/v)
SDS. Elution fractions were concentrated using a centrifugal
filter concentrator (Centricon-10, Millipore Corp., Billerica,
MA).
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FIGURE 1. Re-evaluation of anti-Ctr1 polyclonal antibody specificity. A, primary and predicted secondary
structure of mouse Ctr1. The arrowhead indicates the location of the Ctr1 extracellular lysine residue. The box
indicates the antigen peptide sequence within the Ctr1 cytosolic loop against which anti-Ctr1 antibody was
generated. B, immunoblotting with anti-Ctr1 antibody. Fifty micrograms of total protein extract from mouse
embryonic fibroblasts of WT and Ctr1 knock-out (Ctr7 /") mice were assayed. The upper panel shows immu-
noblot results with anti-Ctr1 antibody (at a 1:1,000 dilution). The arrowheads labeled u and g indicate the
unglycosylated and glycosylated monomer of Ctr1, respectively. The arrowhead labeled t indicates the amino-
terminal truncation form of Ctr1. The lower panel shows immunoblot results with anti-SOD1 antibody (1:1,000

ized Ctr1) and luminal (for vesicular
Ctrl), with an ~53-residue cyto-
plasmic loop, three transmembrane
domains, and an ~15-amino acid
cytosolic tail. A polyclonal antibody
was raised in rabbits against an
18-amino acid peptide derived from
the sequence of the cytosolic loop of
human Ctrl (Fig. 14) and affinity-
purified as described previously
(18). Because this antibody had been
stored at —80 °C for several years, we recharacterized its spec-
ificity for endogenous Ctrl by immunoblotting Triton X-100-
solubilized protein extracts from WT mouse embryonic fibro-
blasts (E3) and Ctrl~’~ mouse embryonic fibroblasts from
littermates (E8) (21). As shown in Fig. 1B, anti-Ctrl antibody
detects major 35—37-kDa polypeptide species and minor lower
molecular weight polypeptides in E3 cell extracts. Although
these polypeptide species were not observed in the Ctrl ™/~
(E8) cells, prolonged exposure of the immunoblot showed
poorly reactive bands at ~17, 26, 36, and 74 kDa (Fig. 1B). As we
show the entire length of the electrophoresis distance on this
immunoblot, no additional species were detected, and approx-
imately equivalent loading of the SDS-polyacrylamide gel was
apparent from detection of copper/zinc-superoxide dismutase
(SOD1) in each extract. The 25- and 35-37-kDa species have
previously been demonstrated to represent the primary trans-
lation product and mature O- and N-linked glycosylated Ctrl
species, respectively (24, 25).

Ctrl Localizes to the Apical Membrane in Mouse, Rat, and Pig
Enterocytes—Given the specificity of the anti-Ctrl antibody
shown in Fig. 1B, we evaluated IEC Ctrl localization across
these three mammalian species from freshly dissected and fixed
samples. First, immunohistochemical analysis was carried out
on jejunal sections from 14-day-old control mice (Ctr /%)
and IEC-specific Ctr1 knock-out mice (Ctr17*"*"), generated
as described previously (18). As shown in Fig. 24 at lower
magnification and Fig. 2B at higher magnification, the Ctrl
antibody immunoreactivity occurred predominantly at the cell
surface, indicative of apical membrane localization, with low
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FIGURE 2. Localization of Ctr1 in the jejuna of control and Ctr1"*" mice in vivo. Jejuna from control mice
(Ctr1flofiox or Ctr17°+) and Ctr1™“""t P14 mice were subjected to immunohistochemistry (A-F) and confocal
immunofluorescence microscopy (G) analysis. A and B, control, anti-Ctr1 (1:200). C, control, anti-hephaestin
(1:100). D and E, Ctr1™”nt, anti-Ctr1 (1:200). F, Ctr1 anti-hephaestin (1:100). The arrowheads indicate
regions of immunopositive signals. G, confocal microscopy of Ctr1 in the jejuna of WT mice; green, anti-Ctr1
(1:200); red, anti-Na™ /K" -ATPase a1 subunit (1:200); blue, DAPI. A and D, scale bars = 50 um; B, C, and E-G, scale

bars = 20 um.

FIGURE 3. Localization of Ctr1 in rat duodenum and pig jejunum. Tissues
were probed with anti-Ctr1 antibody (1:200) and analyzed by immunohisto-
chemistry. A and B, rat duodenum. C and D, pig jejunum. The arrowheads
indicate some regions of immunopositive staining. A and C, scale bars = 50
um; Band D, scale bars = 20 um.
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levels of immunoreactivity appear-
ing intracellularly. Although anti-
body against hephaestin, a basolat-
eral multicopper oxidase, clearly
confirmed a basolateral location for
this protein (Fig. 2C), no Ctrl
immunoreactivity was detected on
the basolateral surface of mouse IEC
(Fig. 2, A and B). As a further test of
the specificity of the anti-Ctrl
antibody in immunohistochemical
experiments, jejunal samples from
Ctr1™¥* littermates were probed
with anti-Ctrl antibody. As shown
at low magnification in Fig. 2D and
higher magnification in Fig. 2E, very
little anti-Ctr1 antibody immunore-
activity was observed at any location
in the Ctr1”**"* IEC. Although, as
expected, hephaestin localized to
the basolateral membrane of
Ctr1"”"* 1IEC (Fig. 2F), the immu-
noreactive signal was weaker rela-
tive to control IEC, likely due to the
enhanced turnover of hephaestin
under conditions of copper defi-
ciency (26). An alternative method
of immunohistochemical analysis
using double-label confocal immu-
nofluorescence microscopy also
showed the predominant localiza-
tion of Ctrl on the apical surface
(Fig. 2G, green), with no overlap
with the basolateral membrane
Na*/K*-ATPase al subunit (Fig.
2G, red) (27). Taken together, these experiments strongly sup-
port the predominant localization of Ctr1 to the apical surface
of mouse IEC, with some intracellular staining that may repre-
sent vesicles.

Given the precise conservation of the epitope used to gener-
ate this anti-Ctr1 antibody across many mammalian species, we
evaluated intestinal sections from both rats and pigs for Ctrl
localization using immunohistochemistry. As shown in Fig. 3
(A and B) for rat duodenum and in Fig. 3 (C and D) for pig
jejunum, immunoreactivity with the anti-Ctrl antibody
occurred predominantly on the apical surface of the IEC.
Although there is also some immunoreactivity in intracellular
compartments of unknown identity (Fig. 3, B and D) for both
rat and pig tissue, these experiments revealed no evidence of
Ctrl in a basolateral location in IEC from duodenal or jejunal
samples.

Elevated Levels of Ctr1 at the IEC Apical Surface in Response
to Copper Limitation—Previous cell culture studies of yeast and
mammalian Ctr]l demonstrated that cell surface Ctr1 is stimu-
lated to internalize in response to copper concentrations near
the K, for copper(I) uptake (15-17). Moreover, using an anti-
body that is distinct from that used in this and previous studies
(18), Ctrl immunoreactivity on the surface of mouse IEC was
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FIGURE 4. Apical surface biotinylation assays. A, small intestines from con-
trol mice (Ctr17 %) and Ctr1'" mice were subjected to apical surface bio-
tinylation. Twenty micrograms of total protein (Total) and avidin column-
purified fraction (Eluate) from control and Ctr1™”""* mice were subjected to
immunoblotting with anti-Ctr1 (1:1,000) and anti-GAPDH (1:1,000) antibod-
ies. B, small intestines from 5-week-old mice fed a control or copper-deficient
diet (CuD) for 5 days were used for apical surface biotinylation and analyzed
as in A. Ctr1 (1:1,000), anti-SGLT1 (1:1,000), anti-NKCC (1:1,000), and anti-
GAPDH (1:1,000) antibodies are shown. The glycosylated (g) and unglycosy-
lated (u) forms of Ctr1 are indicated with arrowheads.

NKCC

shown to be greater after perinatal copper deficiency than
immunoreactivity in age-matched mice raised on a diet ade-
quate in copper (19). As an independent means to assess Ctrl
localization in mouse small intestine, cell surface biotinylation
experiments were carried out on freshly dissected small intes-
tines from 5-week-old mice fed a control or copper-deficient
diet for 5 days. The primary covalent binding site for Sulfo-
NHS-SS-Biotin is the e-amino group of lysine, of which one is
present in the predicted extracellular domain of Ctr1 (Fig. 1A4).
A section of the small intestine was longitudinally sliced to
expose the lumen, the fragment was incubated with biotin, and
IEC were purified away from the substratum, as described pre-
viously (18). Proteins were solubilized, and the biotinylated
proteins were purified by avidin affinity chromatography. Both
total and affinity-purified proteins were fractionated by SDS-
PAGE and analyzed by immunoblotting. As a control for the
specificity of this reaction, when the biotinylation experiments
were carried out on intestines dissected from 2-week-old con-
trol mice (Ctr /" or Ctr F"7%%) or Ctr17"*"" mice, Ctrl was
readily detected in the control mouse, but there was no detect-
able Ctrl in total protein extract or in eluates from avidin-
purified extracts from the Ctr1”*** mouse (Fig. 4A). Very low
levels of the cytosolic protein GAPDH were detected in the
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eluate fractions, indicating minimal lysis of [EC during the bio-
tinylation and sample preparation process.

As shown from biotinylation experiments of whole small
intestines illustrated in Fig. 4B, the steady-state levels of both
the Ctrl primary translation product and the mature glycosy-
lated form were elevated in IEC from WT mice fed a copper-
deficient diet compared with those fed the control diet. No
changes in the levels of the sodium/glucose co-transporter
SGLT1 (28), an apical protein, and the sodium/potassium/chlo-
ride co-transporter NKCC (29), a basolateral protein, were
detected in response to a copper-limited diet (Fig. 4B). More-
over, the steady-state levels of the copper chaperone CCS and
the mitochondrial cytochrome oxidase subunit Cox IV did not
change (data not shown), suggesting that these cells did not
experience a strong copper deficiency over the course of the 5
days of a copper-limited diet. After purification of IEC apical
surface proteins by avidin affinity chromatography, followed by
SDS-PAGE and immunoblotting, Ctrl was detected in mice fed
a control diet, and the levels of apical Ctrl were enhanced
~2-fold in mice fed the copper-deficient diet. This increase in
Ctrl protein levels in response to copper deficiency was spe-
cific, as the levels of another apical protein, SGLT1, did not
change in either total or eluate fractions (Fig. 4B). Consistent
with the established basolateral localization of NKCC and the
cytosolic protein GAPDH, only a small amount of these pro-
teins was detected in the eluate after avidin chromatography
(Fig. 4B). Control immunoblots of extracts that were avidin-
purified without prior biotinylation demonstrated that biotin-
ylation is essential for avidin affinity purification of Ctrl (data
not shown). Taken together, these biotinylation experiments
independently demonstrated the localization of Ctr1 to the api-
cal membrane of mouse IEC and indicate that dietary copper
deficiency results in elevated levels of total Ctrl protein and
elevated levels of Ctr1 at the apical membrane.

Posttranslational Control of Ctrl in Response to Copper—A
previous report showed no change in Ctrl mRNA levels in puri-
fied rat IEC as a function of dietary copper status (12), suggest-
ing the possibility of posttranscriptional regulation of steady-
state Ctrl protein levels in mouse IEC. To explore this
possibility, HEK293T cells were treated with copper or the cop-
per(I) chelator BCS in the presence of the translational inhibi-
tor cycloheximide, and the steady-state levels of Ctrl protein
were analyzed by immunoblotting over time. Fig. 54 shows that
the steady-state levels of the glycosylated form of Ctrl were
decreased in response to exposure of HEK293T cells to 100 mm
copper in a time-dependent manner, whereas no notable de-
crease was observed under copper-deficient conditions
imposed by the copper(I) chelator BCS. The addition of leupep-
tin, a broad-spectrum protease inhibitor, partially abrogated
the decrease in Ctr1 levels in response to copper (Fig. 5A, aster-
isks), suggesting that the decrease in Ctrl protein levels was
due, in large part, to proteolysis that was directly or indirectly
stimulated by copper. The degradation of Ctr1 that was stimu-
lated by copper was dose dependent, as we observed a clear
decrease in Ctrl protein levels, even with the addition of 1 mm
copper to the medium (Fig. 5B). Furthermore, this decrease in
Ctrl protein was specific for copper, as exposure to neither iron
nor zinc at 10-fold molar excess over copper resulted in sub-
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FIGURE 5. Copper-dependent changes in steady-state levels of the
mature, glycosylated form of Ctr1. A, HEK293T cells were incubated with
cycloheximide and copper or the copper(l) chelator BCS for the indicated
times. Total protein extracts of 100 ug were subjected to immunoblotting
with anti-Ctr1 (1:1,000) and anti-actin (1:5,000) antibodies. B, HEK293T cells
were incubated with BCS or copper at the concentrations indicated in the
presence of cycloheximide for 8 h and subjected to immunoblotting as
described in A. C, HEK293T cells were incubated with cycloheximide and BCS,
copper, ferric ammonium sulfate (Fe), or ZnCl, (Zn) for 8 h, and protein
extracts were subjected to immunoblotting as described in A. D, two inde-
pendently prepared protein extracts (lanes 17 and 2) from HEK293T cells
treated with cycloheximide and BCS for 8 h as described in B and C were
immunoblotted with antibodies that recognize either the cytosolic loop
domain (Ctr1 loop; 1:1,000) or amino-terminal domain (Ctr1 N-term; 1:500) of
Ctr1. Actin (1:5,000) levels were assayed as a loading control. The arrowhead
labeled g indicates the glycosylated monomer of Ctr1, and the arrowhead
labeled t indicates the amino-terminal truncation form of Ctr1. The asterisk
indicates a polypeptide species that cross-reacts with the Ctr1 N-terminal
antibody.

stantial reductions in Ctrl protein levels (Fig. 5C). Although
exposure of HEK293T cells to copper resulted in clear reduc-
tions in the steady-state levels of the full-length glycosylated
form of Ctrl, steady-state levels of a previously characterized
Ctr1 species that was truncated 29 —33 residues from the amino
terminus (25, 30) were not significantly altered in response to
any metal tested (Fig. 5). Immunoblotting with an antibody
raised against the Ctr]l amino terminus (30) showed cross-re-
activity with the 35-37-kDa glycosylated form of Ctrl and not
the ~17-kDa amino-terminally truncated form (Fig. 5D), sup-
porting the assignment of these polypeptide species.

Copper Deficiency Increases Heart Ctrl Protein Levels—Due
to the energy requirements for cardiac contractility provided by
mitochondrial cytochrome oxidase, the oxidative stress protec-
tion provided by copper/zinc-superoxide dismutase, and other
factors, cardiac tissue exhibits a strong requirement for copper.
Mice bearing a cardiac-specific Ctrl deletion exhibit strong
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FIGURE 6. Cardiac Ctr1 protein levels respond to dietary copper status.
Hearts were dissected from two independent mice fed either a control diet
(lanes 1 and 2) or a copper-deficient diet (CuD; lanes 3 and 4), and total protein
extract was analyzed by immunoblotting. Arrowheads labeled u, g, and t indi-
cate the unglycosylated, glycosylated, and amino-terminally truncated forms
of Ctr1, respectively. Tubulin (1:5,000) levels were assayed as a loading
control.

copper deficiency, reductions in copper-dependent enzymes,
and a lethal cardiac hypertrophy (31). Given this high demand
for copper yet the propensity for copper to generate reactive
oxygen species, it would be advantageous for cardiac tissue to
tightly regulate the copper homeostasis machinery. We exam-
ined the abundance of Ctrl in cardiac tissue from mice fed a
control or copper-deficient diet for 5 weeks starting at postnatal
day 2. As shown in Fig. 6, the hearts from mice fed a copper-
deficient diet exhibited dramatically elevated levels of the gly-
cosylated form of Ctrl compared with mice fed a control diet
(two mice from each dietary group were assessed). These
results suggest that not only the intestinal epithelium but also
other tissues are responsive to dietary copper to regulate the
abundance of the mature glycosylated form of the Ctrl copper
importer.

DISCUSSION

Previous studies demonstrated that IEC Ctrl is critical for
normal copper acquisition, growth, cardiac function, and via-
bility in mice (18). Although that study and two additional
investigations (11, 19) presented data indicating that Ctrl
resides predominantly on the apical membrane of IEC, a recent
study (Ref. 20 and reviewed in Ref. 32) suggests that Ctr1 func-
tions in intestinal copper import at the basolateral membrane
of polarized Caco-2 cells and in mouse intestine. Recognizing
the importance of firmly establishing Ctr1 localization in the
intestine, and the variability in antibodies, experimental condi-
tions, and cell culture models of the intestine (33—35), we eval-
uated Ctr1 localization in mouse intestine and in that of rat and
pig. We re-evaluated the specificity of our anti-peptide Ctrl
polyclonal antibody and used immunohistochemistry and bio-
tinylation of intestinal luminal cell surface proteins to deter-
mine the subcellular location of Ctrl. The data presented here
strongly support predominant apical membrane localization of
IEC Ctrl in mice, rats, and pigs, with some Ctr1 localizing to
intracellular vesicles that may correspond to endosomes.

In contrast to a recent report (Ref. 20 and reviewed in Ref.
32), the results presented here based on light microscopy, con-
focal microscopy, and biotinylation analyses of mouse intesti-
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nal sections confirm and extend previous reports (11, 18, 19)
that showed no evidence for the localization of Ctr1 to the baso-
lateral membrane of IEC. Our results are also consistent with
the gut epithelial cell apical localization of the structurally and
functionally related copper transporter, CtrlB, from Drosoph-
ila melanogaster (36). Taken together, these data strongly sug-
gest that metazoan Ctrl proteins import copper(l) from the
diet across the apical membrane of IEC. It is unclear why the
results from this and other studies (11, 18, 19) are in opposition
to previous results using polarized Caco-2 cells and a mouse
intestine sample (Ref. 20 and reviewed in Ref. 32). One possi-
bility may be the wide variability in different laboratory Caco-2
cell lines that leads to differences in gene expression, tight junc-
tion integrity, and other variables that could lead to changes in
Ctrl trafficking (33-35). Although Caco-2 cells are often used
as a model for polarized IEC, they are not authentic intestinal
tissue. Another variable may the differences in the Ctr1 epitope
used for antibody generation or differences in the specificity of
the antibody generated.

Previous studies demonstrated that exposure of mammals to
a low-copper diet results in enhanced copper absorption upon
subsequent exposure to copper (10-12). However, the molec-
ular mechanisms underlying this response are not understood.
It has been reported that after copper deficiency, choroid
plexus Ctrl steady-state protein levels are increased (37), and
enhanced apical density of Ctrl in the IEC and the choroid
plexus was observed by others using rats and another strain of
mouse with a different Ctr1 antibody (19). Here, we have shown
that mice exposed to a copper-limited diet had notably elevated
steady-state levels of the full-length glycosylated Ctrl protein,
both in IEC and in cardiac tissue, compared with mice fed a
control diet. The biotinylation assays of intestinal luminal pro-
teins demonstrated that mice fed a copper-deficient diet display
a corresponding increase in the levels of Ctrl on the apical
membrane of the IEC. Previous studies in rat (12) demonstrated
that mRNA levels of intestinal epithelial Ctrl do not change in
response to a copper-deficient diet, suggesting that the increase
in Ctrl protein levels observed here may be due to posttran-
scriptional regulation. The degradation of the human Ctrl
35-kDa glycosylated monomer and 60-70-kDa dimer by ele-
vated copper was previously observed in HEK293 cells overex-
pressing Myc-tagged Ctrl (38). Our results obtained from
HEK293T cells with endogenous Ctrl suggested that the
mature, glycosylated form of Ctrl was degraded in response to
exposure to elevated copper levels and was stabilized by copper
limitation. That the enhanced Ctr1 turnover iz vivo in response
to elevated copper may be due to proteolytic activity is sug-
gested by partial inhibition of the reduction in Ctr1 in the pres-
ence of leupeptin, a broad-spectrum protease inhibitor. Despite
evidence for the degradation of mature, glycosylated Ctrl, lev-
els of the amino-terminal truncation form of Ctrl protein did
not show notable changes in response to copper deficiency
under these conditions. It has been reported that the Ctrl ami-
no-terminal truncation form has ~50% of copper-transporting
activity when it is overexpressed in HEK293T cells (25). How-
ever, the precise localization, regulation, turnover, and physio-
logical function of the truncated form of Ctrl in vivo are not
well understood. Although these experiments were carried out
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by evaluating endogenous Ctrl in cultured HEK293T cells,
these results may explain the increase in the steady-state Ctrl
protein levels in IEC from mice exposed to a transient copper-
deficient diet. Although our results and previous work suggest
the presence of regulatory responses that modulate the abun-
dance of the Ctrl copper(I) transporter at the apical surface in
response to dietary copper availability, further studies are
required to fully elucidate the mechanisms underlying changes
in Ctrl protein levels in vivo. It is also important to note that
although previous studies reported changes in Ctr1 localization
in cell culture as a function of exogenous copper (16, 24, 39),
this was not observed in all cell lines. This variation could rep-
resent cell type-specific differences in the protein-trafficking
machinery or in the regulation of this machinery and further
underscores the importance of ultimately evaluating protein
localization and physiological regulatory mechanisms for Ctrl
in tissues.

It is interesting that despite strong changes in Ctrl abun-
dance in parallel with a transient 5-day exposure to a dietary
copper deficiency, we did not detect a concomitant increase in
the CCS copper chaperone or a decrease in the Cox IV subunit
of mitochondrial cytochrome oxidase. Perhaps an early re-
sponse to copper deficiency is the elevation of Ctr1 steady-state
levels and apical Ctr1 to deliver more copper to the interior of
the cells, thereby maintaining the levels of CCS and Cox IV. If
copper deficiency persists over a longer time or is of a severity at
which elevated apical Ctrl cannot import sufficient copper,
then the IEC may adapt by elevating the levels of CCS and
reducing the levels of Cox IV. Additional regulatory changes
(e.g. phosphorylation/dephosphorylation) may also ensue, such
as have been observed for the copper-responsive trafficking of
ATP7A (40), or there may be alterations in ATP7A abundance
in liver and intestine in response to copper deficiency in periph-
eral organs (31).
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