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Copper is an essential catalytic cofactor for enzymatic activities
that drive a range of metabolic biochemistry including mitochon-
drial electron transport, iron mobilization, and peptide hormone
maturation. Copper dysregulation is associated with fatal infantile
disease, liver, and cardiac dysfunction, neuropathy, and anemia.
Here we report that mammals regulate systemic copper acquisi-
tion and intracellular mobilization via cleavage of the copper-
binding ecto-domain of the copper transporter 1 (Ctr1). Although
full-length Ctr1 is critical to drive efficient copper import across the
plasma membrane, cleavage of the ecto-domain is required for
Ctr1 to mobilize endosomal copper stores. The biogenesis of the
truncated form of Ctr1 requires the structurally related, previously
enigmatic copper transporter 2 (Ctr2). Ctr2~'~ mice are defective in
accumulation of truncated Ctr1 and exhibit increased tissue copper
levels, and X-ray fluorescence microscopy demonstrates that cop-
per accumulates as intracellular foci. These studies identify a key
regulatory mechanism for mammalian copper transport through
Ctr2-dependent accumulation of a Ctr1 variant lacking the copper-
and cisplatin-binding ecto-domain.
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ue to its unique chemistry, the redox-active metal ion copper

(Cu) is an essential element for human growth and de-
velopment (1-3). Defects in Cu metabolism are associated with
pathologies that include Alzheimer’s disease, peripheral neu-
ropathy, anemia, neutropenia, cardiomyopathy, Menkes disease,
and Wilson’s disease (4-9). Although many of the components
responsible for Cu uptake, intracellular distribution, detoxification,
and efflux have been identified, the mechanisms by which these
proteins are regulated are not well understood.

The copper transporter 1 (Ctrl) protein is a high-affinity Cu™
transporter that functions in copper accumulation in organisms
ranging from yeast to mammals (10-16). In mammals Ctrl
localizes to both the plasma membrane and to intracellular vesi-
cles (17-19). Mice bearing a systemic Ctrl deletion fail to survive
gestation, whereas tissue-specific ablation of Ctrl in the intestinal
epithelium, liver, or heart cause a range of phenotypes that in-
clude peripheral Cu deficiency, hepatic iron accumulation, and
lethal cardiac hypertrophy, respectively (20-24). Moreover, both
yeast and mammalian Ctrl function in acquisition of the chemo-
therapeutic agent cisplatin (25-29) and Ctrl expression levels
have been correlated to the efficacy of chemotherapy and patient
survival (30). The regulation of Ctrl function and abundance is of
great significance to both normal growth and development as well
as to the efficacy of platinum-based chemotherapy.

The general structure and function of Ctrl is conserved from
yeast to humans, with three membrane-spanning domains and
a Met-X3-Met motif in the second transmembrane domain that
is essential for Cu™ import (16). The human and mouse protein
contains a short ecto-domain with clusters of Met and His.
Mutagenic and truncation studies in the context of intact yeast or
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human Ctrl indicate that the ecto-domain in general, and the
Met residues in particular, play an important role in high-affinity
cellular Cu™ import, yet all but one key Met near the first
transmembrane domain appear to be dispensable for function in
cellular Cu* import (31). Studies using model peptides suggest
that the Ctrl Met residues are direct ligands for both Cu* and
cisplatin (32-34). In contrast to Cu* uptake, the Met-rich ecto-
domain of yeast Ctrl is required for cisplatin import (27).
Moreover, as Ctrl M-X3-M mutants are competent for cisplatin
uptake, but not Cu®* (35), studies suggest that Ctrl-mediated
cisplatin uptake may occur via an ecto-domain—-dependent
receptor-mediated endocytosis mechanism, rather than as an ion
channel as for Cu* (27). Ctr1 has been observed in both cell lines
and mouse tissues as a full-length glycosylated form and a lower-
molecular-weight form, which has been reported to lack a por-
tion of the Cu™ and cisplatin-binding ecto-domain (17, 36).
However, neither the physiological significance of this truncated
form of Ctrl, nor its mode of biogenesis, have been elucidated.

The Ctr2 protein is structurally related to Ctrl and is encoded
by a linked gene in both the mouse and the human genome.
Recent studies suggest that Ctr2 functions as a low-affinity Cu*
importer, a lysosomal Cu™ exporter, or as a regulator of cellular
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macropinocytosis (37-39). However, these studies have been
performed in cultured cells, and the physiological role of Ctr2 in
animals has not been reported. Here we demonstrate that Ctr2
interacts with Ctrl in vivo and that Ctr2 knockout mice show
increased levels of total copper in several tissues. Mice and
mouse embryonic fibroblasts lacking Ctr2 accumulate copper in
endosomal compartments and have lower levels of the truncated
form of Ctrl lacking the metal-binding ecto-domain. Whereas
truncation of the Ctrl ecto-domain reduces Cu* import at the
plasma membrane, truncated Ctrl stimulates the mobilization of
Cu™ from endosomal compartments. These studies demonstrate
a critical role for Ctr2 in modulating the accumulation of Ctrl
lacking the Cu™ and cisplatin-binding ecto-domain of Ctrl and,
as a consequence, in the regulation of cellular copper uptake and
intracellular mobilization. Given the fundamental role for Ctrl
in Cu* import and cisplatin acquisition, the action of Ctr2
represents an important mechanism for the regulation of Ctrl
function.

Results

Ctr2 Knockout Mice Accumulate Cu. The protein encoded by the
mammalian Ctr2 gene shares many features in common with the
Ctrl high-affinity Cu™ importer, including three predicted trans-
membrane domains and an M-X3-M motif in the second trans-
membrane domain that is essential for Cu™ import by Ctrl in
organisms from yeast to mammals (Fig. 14). Ctr2 lacks the Met-
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Fig. 1. Loss of Ctr2 results in increased copper levels in tissue. (A) Topo-

logical models for Ctr1 and Ctr2 showing transmembrane domains and
a conserved M-X3-M motif. The Ctr1 ecto-domain has two glycosylation sites
and clusters of Met and His residues, with two Met and one His in the Ctr2
ecto-domain. (B) Wild-type and Ctr2™'~ age-matched mice 5-7 and 20-22 mo
were analyzed for tissue copper levels by ICP-MS. (C) Zn analysis as in B. Data
presented as mean + SD from two to eight mice. See Fig. S1 for generation
of Ctr2 knockout mice.
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rich and His-rich clusters found in the ecto-domain of Ctrl that
have been shown to bind Cu* and contribute to high-affinity Cu™
uptake and also lacks the His-Cys-His motif found within the Ctrl
cytosolic tail. Furthermore, the Ctrl and Ctr2 chromosomal loci
are tightly linked (~73 kb) with the Fkbpl5 gene intervening
(Fig. S14).

To investigate the physiological function of Ctr2, a systemic
knockout of the Ctr2 gene was generated in mice (Fig. S1 B-D).
In general, the Ctr2™/~ mice grow normally, with no obvious
developmental defects. Surprisingly, copper levels in tissues are
significantly elevated in brain, kidney, spleen, muscle, and testes
in 5- to 7-mo-old Ctr2™~ mice and was exacerbated in brain
tissue from 20- to 22-mo-old mice (Fig. 1B). No significant dif-
ferences were observed between wild-type and Ctr2™~'~ mice for
copper in the liver or for the accumulation of Zn (Fig. 1C) or Fe
in any tissue. The Ctr2 gene excision on mouse chromosome 4
did not affect expression of the linked Fkbp15 protein (Fig. S1E).
These data demonstrate that Ctr2 plays a specific role in copper
accumulation in a physiological context and that mice lacking
Ctr2 accumulate copper to levels significantly above that of wild-
type animals.

The expression of Ctrl and Ctr2 mRNA in several mouse
tissues was evaluated by RNA blotting. As shown in Fig. S1F, the
Ctr2 probe detects two mRNA species of ~1.3 and 2.4 kb, with
the larger species more abundant in all tissues evaluated with the
exception of mouse testes. As previously observed, two mRNA
species are detected for Ctrl of ~1.6 and 4.5 kb, with highest ex-
pression in liver, kidney, and testes (15). Interestingly, the steady-
state levels of mRNAs encoding Ctrl and Ctr2 were highest in
heart, liver, kidney, and testes, suggesting the possibility that the
encoded proteins may act in the same biological process.

Ctrl is an integral membrane protein that localizes both to the
plasma membrane and to intracellular vesicles that constitutively
cycle to and from the plasma membrane (40). Previous reports
suggested that Ctr2 protein localizes to intracellular vesicles and,
to a lesser extent, the plasma membrane (37, 39). Because Ctr2
encodes a predicted integral membrane protein, experiments
were conducted to investigate its membrane topology. Ctr2 was
expressed with either an amino-terminal FLAG epitope (FLAG-
Ctr2) or a carboxyl-terminal FLAG epitope (Ctr2-FLAG). Al-
though FLAG-Ctr2 protein was detected in nonpermeabilized
cells, Ctr2-FLAG could be detected only in permeabilized cells
(Fig. S1G). These results suggest that ectopically expressed Ctr2
harbors a membrane topology that is similar to that shown for
Ctrl, with a cytoplasmic carboxyl-terminus.

Copper Accumulates in Intracellular Deposits in Ctr2~'~ Mouse Brain.
Mice lacking Ctr2 exhibit no overt defects in growth or de-
velopment, although many tissues accumulate copper, with brain
copper being particularly high (Fig. 1B). To further characterize
the nature of the copper that accumulates in Ctr2™/~ mice, X-ray
fluorescence microscopy (XFM) (41) was carried out on saggi-
tally sectioned brains from 5-mo-old wild-type and Ctr2™~ lit-
termates. Scans of the cortex and caudoputamen revealed
dramatic differences in copper accumulation between wild-type
and Ctr2™~ brain (Fig. 2.4 and B). Although the copper distri-
bution was consistently even (and concentrations were low) in
scans for wild-type brain, all scanned areas of the Ctr2™'~ brain
revealed tightly localized copper deposits throughout. These
deposits were between 1.5 and 3 pm in diameter and exhibited
copper concentrations that were on average ~40-fold higher than
surrounding areas. The magnified overlay of the two-dimensional
elemental maps for phosphorous (P, indicative of nuclei) and
copper (Cu) suggests that these copper deposits are localized
outside of the nucleus (Fig. 2 A and B).

Whereas the area copper concentrations in wild-type brain
ranged from ~40 to 70 pM (2.5-4.4 pg/g tissue), those for Ctr2 ™/~
were between 60 pM to 149 uM (3.7-9.2 pg/g tissue) (Table S1).
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Fig. 2. Copper accumulates in intracellular deposits in Ctr2~~ mouse brain. (4) XFM images for phosphorous (P, green) and copper (Cu, red) and a magnified
overlay from the cortex for a Ctr2*'* (Upper) and a Ctr2~'~ (Lower) mouse. (Scale bar, 50 pm.) The false coloring scheme for P and Cu is shown below images.
The intensity of the fluorescence signal is displayed as a linear scale (P:0 — >11 pg/cm?; Cu:0 — >0.03 pg/cm?). In the P map, nuclei are visible (red arrows). The
overlay for the magnified area shows an intracellular localization for the copper foci. (B) XFM image of the caudoputamen for littermate Ctr2*"* (Upper) and
Ctr2™'~ (Lower) mice exhibiting two-dimensional elemental maps for phosphorous (P, green), copper (Cu, red), and a magnified overlay. Nuclei are visible in the
P-map. Pencil fibers in the caudoputamen (white arrows). (See Table S1 for Cu and P concentrations in other brain regions determined by XFM.)

The XFM-derived copper concentrations are in good agreement
with bulk inductively coupled plasma mass spectrometry (ICP-
MS) measurements of digests from the complementary brain
halves and for whole brains (Fig. 1B and Table S1). Taken to-
gether, XFM studies demonstrate that Ctr2~~ mice strikingly
accumulate copper in brain tissue, where it is localized to
intracellular deposits.

Ctr2~'~ Mouse Embryonic Fibroblasts Show Increased Total Copper
Levels and Intracellular Cu Deposits. To gain mechanistic insights
into why copper levels increase in Ctr2~/~ mice and localize to
intracellular foci, immortalized mouse embryonic fibroblasts
(MEFs) were generated from wild-type and Ctr2™" littermates
(Fig. S2 A and B). Metal analysis demonstrated that Ctr2”~ MEFs
accumulated copper, but not Zn, compared with wild-type MEFs
(Fig. 34). Moreover, whereas transfection of Ctr2”~ MEFs with
an empty expression vector did not alter copper levels, expression
of the Ctr2 cDNA resulted in cellular copper levels similar to that
of wild-type MEFs, with no significant alteration in Zn accumu-
lation (Fig. 3B).

XFM analysis of Ctr2™~ mouse brain demonstrated strong
accumulation of copper in intracellular foci. To investigate
whether these copper deposits occur only in the context of the
whole animal, or in a cell-autonomous manner, both wild-type
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and Ctr2™~ MEFs were stained with the live-cell Cu*-specific
fluorescent sensor, CS3. As shown with a representative field in
Fig. 3C, wild-type MEFs exhibited fluorescence in a largely pan-
cellular fashion, with small punctate spots. Ctr2”~ MEFs also
showed a pan-cellular fluorescence pattern, but with intense large
punctate staining, not unlike the intracellular copper deposits
detected in Ctr2”~ mouse brain by XFM. These observations
suggest that the appearance of copper foci is a cell-autonomous
phenomenon due to the loss of Ctr2.

Copper Accumulates in an Endosomal Compartment in Ctr2~'~ MEFs.
Both Ctr2™~ mouse brain and Ctr2™/~ MEFs accumulate copper
at higher levels relative to wild type, and imaging studies suggest
that this copper accumulates as intracellular foci. To explore the
nature of these foci, both wild-type and Ctr2~"MEFs were sub-
jected to subcellular fractionation to resolve endosomal com-
partments (Fig. S3), and fractions were analyzed for copper
content (Fig. 44). The results show a fivefold increase in copper
levels in fraction 1 from Ctr2~~ MEFs compared with the same
fraction from wild-type MEFs. The copper concentrations in
fraction 2 did not differ between the Ctr2*/* and Ctr2™~ cells,
and copper levels in fraction 3 were below the detection limit for
both cell lines. Protein extracts from the fractions were immu-
noblotted for Ctr2, Ctrl, and for markers of the endosomal, ly-
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Fig. 3. Ctr2™~ MEFs accumulate copper in punctae. (A) Wild-type and Ctr2™~
MEFs were analyzed for total copper and Zn levels by ICP-MS. (B) Expression
of the Ctr2 cDNA (Ctr2) but not the empty vector (V) re-establishes low copper
levels without changes in Zn levels. Data are presented as mean + SD from
four biological replicates. (C) Wild type (Ctr2**) and Ctr2™~ MEFs were
stained with the membrane-permeable Cu*-specific stain CS3 and photo-
graphed by confocal microscopy. White arrowheads point to large punctate
staining. (See Fig. S2 for PCR design of Ctr2 genotyping in the Ctr2 MEFs and
genotyping of the Ctr2 MEFs.)

sosomal, cytosolic, and mitochondrial-enriched compartments
(Fig. 4B). Ctr2 localized to fraction 1 in the Ctr2*/* cells. This
same fraction, which harbors the accumulated copper from
Ctr2~/~ MEFs, also has the bulk of Ctrl, which extended into
fractions 2 and 3 for the Ctr2~~ MEFs in some fractionation
experiments. Fraction 1 also contains the lysosomal marker
Lampl, the early endosomal markers Rab4 and Rab5, the late
endosomal markers Rab7 and Rab9, and the recycling endo-
some marker Rabll. However, Rab9- and Rabll1-positive
vesicles are enriched in fraction 1, suggesting that Ctr2 pref-
erentially cosediments with late endosomes directed toward the
transgolgi network (TGN) and recycling endosomes to or from
the plasma membrane. It is notable that fraction 1 was enriched
for lysosomes and endosomes, but also shows some contami-
nation with the plasma membrane as revealed by the detection of
Na/K-ATPase. The mitochondrial marker CoxIV was detected
only in fractions 2 and 3, with no apparent overlap with Ctr2.
Together, these subcellular fractionation data demonstrate that
Ctrl and Ctr2 are abundant in endosomes recycling from and to
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the plasma membrane, as well as in late endosomes trafficking to
the TGN. In addition, when Ctr2 is absent, copper accumulates in
these late endosomes.

Both Ctrl and Ctr2 have been reported to form homo-multi-
mers (31, 37, 42). Given the results presented here, demon-
strating that Ctr2 loss increases intracellular copper levels and
that Ctrl and Ctr2 cosediment in endosomes, we ascertained
whether Ctrl and Ctr2 associate in vivo. c-Myc epitope-tagged
Ctr2 (Myc-Ctr2) and FLAG epitope-tagged Ctrl (FLAG,-Ctrl)
were expressed in HEK293T cells either alone or in combina-
tion, in cells treated with the membrane-permeable cross-linker
dithiobis[succinimidyl propionate] (DSP); Ctrl was immuno-
precipitated with anti-FLAG antibody and immunoblotted with
anti—c-Myc antibody. As shown in Fig. 4C, immunoprecipitation
of FLAG,-Ctrl by the anti-FLAG beads coprecipitated Myc-
Ctr2 only when both proteins were coexpressed. Immunopre-
cipitation of Myc-Ctr2 also coprecipitated FLAG,-Ctrl, but was
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Fig. 4. Copper accumulates in endosomes in Ctr2~/~ MEFs. (A) Copper was
measured (ng/mg protein) in each of three subcellular fractions from wild-
type (Ctr2*"*) and Ctr2~/~ MEFs (see Fig. S3A for fractions collected from the
iodixanol gradient). Shown are the results (mean + SD) from six biological
replicates for each fractionation. (B) Immunoblotting of protein extracts
derived from subcellular fractionation experiments outlined in Fig. S3A from
wild-type and Ctr2~~ MEFs. Blots were analyzed by probing with anti-Ctr2,
anti-Ctr1 (T, truncated; F, full-length), anti-Lamp1, anti-Rab4, anti-Rab5,
anti-Rab7, anti-Rab9, anti-Rab11, anti-CoxIV, anti-Na/K-ATPase, and anti-
GAPDH. (C) Ctr1 and Ctr2 reciprocally coimmunoprecipitate from solubilized
protein extracts. HEK293T cells were transfected with the indicated expres-
sion vector or empty vector and treated with DSP crosslinker; proteins were
immunoprecipitated with the indicated antibody (IP), and proteins were
analyzed by immunoblotting with the indicated antibody (WB). (See Fig. S3B
for co-IP without cross-linker) (D) Ctr1 and Ctr2 associate in BiFC assays.
HEK293T cells were transfected with the indicated pairs of expression plas-
mids and photographed by fluorescence microscopy and differential in-
terference contrast microscopy (DIC).
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not observed in cells with empty vector or expressing only one of
the proteins. Similar results were also observed in the absence of
cross-linker, albeit at lower levels of detection (Fig. S3B).

To independently evaluate the potential for interactions be-
tween Ctrl and Ctr2 in live cells, a bimolecular fluorescence
complementation (BiFC) assay was used (43). Plasmids express-
ing fusion proteins between Ctrl and amino- or carboxyl-terminal
fragments of YFP (Ctr1-N-YFP, Ctr1-C-YFP) and Ctr2 and YFP
fragments (Ctr2-N-YFP, Ctr2-C-YFP) and other plasmids were
transfected into HEK293T cells. Expression of any one protein
fused to the carboxyl- or amino-terminal fragment of YFP did not
give rise to a detectable fluorescent signal. As shown in Fig. 4D,
cotransfection with Ctrl-C-YFP and Ctrl-N-YFP resulted in
a positive signal, indicative of protein—protein interactions for this
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lencing of Ctr1 (siCtr1) in two independent experiments, but not scrambled
RNA (Sc), results in depletion of Ctr1 protein levels. Full-length Ctr1 (F) and
truncated Ctr1 (T) are shown with tubulin as a loading control. (B) Silencing
of Ctr1 reduces Cu accumulation in Ctr2™~ MEFs with no change in Zn levels.
(C) Overexpression of Ctr2 in Ctr1~/~ MEFs does not alter copper or Zn levels.
(D) Silencing of Ctr2 in Ctr1~~ MEFs does not alter copper levels. Data pre-
sented as mean + SD from four biological replicates. (E) Protein extracts
from the indicated tissues from wild-type mice and Ctr2~'~ littermates were
immunoblotted with anti-Ctr1, anti-CoxIV, and anti-GAPDH antibody.
Shown are the full-length (F) and truncated (T) forms of Ctr1. (F) Protein
extracts from wild-type, Ctr2*/~, and Ctr2~~ MEFs were analyzed as in A but
with anti-tubulin antibody as loading control. (G) Silencing of Ctr2 (siCtr2) in
wild-type MEFs resulted in a decrease in the levels of truncated Ctr1 com-
pared with scRNA. Extracts were analyzed as in E. (H) Overexpression of Ctr2-
enhanced Ctr1 ecto-domain cleavage in wild-type cells and restored Ctr1
cleavage in Ctr27'~ cells. Cells were transfected with empty vector (V) or the
vector with Ctr2 cDNA (Ctr2) and protein extracts were analyzed as in E with
SOD1 detected as loading control. (/) Expression of mouse Ctr2 enhances
human Ctr1 ecto-domain cleavage. HEK293T cells were transfected with an
empty vector (V) or a vector with the Ctr2 cDNA (Ctr2), and protein extracts
were analyzed with anti-Ctr1, anti-CCS, and anti-SOD1 antibody. (See Fig. S5
for ATP7A protein expression in wild-type and Ctr2™~ mice and MEFs, and
localization of ATP7A in the Ctr2 MEFs.)
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well-established homo-trimeric molecule. Consistent with a pre-
vious report that Ctr2 multimerizes in cultured cells (37), coex-
pression of Ctr2-N-YFP and Ctr2-C-YFP gave a positive signal in
the BiFC assay. Moreover, coexpression of Ctr2-N-YFP with
Ctr1-C-YFP gave a positive fluorescence signal, indicating that
Ctrl and Ctr2 are present in a complex in vivo. Although coex-
pression of Fos-N-YFP with bJun-C-YFP was positive for this
well-characterized heterodimeric bZip domain transcription fac-
tor complex, Ctr2-N-YFP and Fos-C-YFP did not give rise to
a positive signal, indicating specificity for the observed positive
interactions. Together, these data indicate that Ctrl and Ctr2 can
form a direct or indirect protein complex in mammalian cells.

Ctr2~'~ MEFs Exhibit Ctr1-Dependent Copper Accumulation and
Reduced Ctr1 Truncation. To date, Ctrl is the only high-affinity
Cu™ importer identified in mammals. To ascertain the contri-
bution of Ctrl to the accumulation of copper in Ctr2~”~ MEFs,
siRNA was used to dampen the expression of Ctrl in Ctr2™~
MEFs, and copper accumulation was measured. As shown in Fig.
54, an siRNA against Ctrl resulted in a strong, although in-
complete, reduction in steady-state Ctrl protein levels in two
independent experiments compared with a scrambled RNA.
Furthermore, knockdown of Ctrl in Ctr2™~ MEFs partially al-
leviated the accumulation of copper, whereas no changes in Zn
levels were observed (Fig. 5B). Overexpression of Ctr2 in the
Ctr1™~ MEFs did not affect the steady-state levels of copper or
Zn (Fig. 5C). Moreover, RNAi of Ctr2 in Ctr1™'~ MEFs resulted
in no change in intracellular copper levels (Fig. 5D). These
results suggest that Ctr2 is not a copper importer and that the
accumulation of copper observed in Ctr2~~ MEFs is at least par-
tially dependent on Ctrl. Consistent with this observation, expres-
sion of mammalian Ctrl in yeast lacking high-affinity Cu*
transporters rescued the copper-dependent growth pheno-
type, but expression of Ctr2 was unable to do so (Fig. S4).

Although data presented here demonstrate the participation
of Ctrl in copper accumulation in Ctr2”~ MEFs, it is possible
that Ctr2 also functions to negatively regulate the expression,
trafficking, or activity of ATP7A or ATP7B, two Cu™-exporting
ATPase pumps whose inactivation results in copper accumula-
tion in cells or tissues (6). Because ATP7B has a dominant role
in hepatic copper excretion and liver copper levels were not
significantly elevated in Ctr2~~ mice (Fig. 1B), we ascertained
whether ATP7A expression is altered in Ctr2™”~ mice and
Ctr2™~ MEFs compared with their wild-type counterparts. As
shown in Fig. S54, levels of ATP7A do not change in Ctr2™/~
mice compared with wild-type animals. Furthermore, neither
ATP7A protein levels in Ctr2™~ mouse tissues or Ctr2™/~
MEFs nor the basal or copper-induced trafficking of ATP7A
from the TGN to the plasma membrane were altered in Ctr27/~
MEFs compared with wild-type cells (Fig. S5 A-C).

The observations that reduction of Ctrl levels by RNAi
ameliorated the copper accumulation in Ctr2”~ MEFs and
knockdown of Ctr2 did not affect the copper levels in Ctrl™~
MEFs suggest that Ctr2 functions in copper import, at least in
part, via the regulation of Ctrl expression or activity. The
abundance of Ctrl in several tissues from wild-type and Ctr2™/~
littermates was analyzed by immunoblotting with a polyclonal
antibody directed against the Ctrl intracellular loop domain. In
mouse tissues and in cultured cells, Ctrl appears as a glycosy-
lated full-length form and a form that is truncated within the
amino-terminal ecto-domain. Hepatic levels of the full-length
and truncated forms of Ctrl did not differ in the Ctr2~~ mouse
in comparison with the wild type (Fig. SE). However, the levels
of truncated Ctrl were significantly reduced in kidney and more
so in spleen and testis in the Ctr2™~ mice compared with wild-
type littermates, suggesting a correlation between copper accu-
mulation (Fig. 1B) and reduced levels of truncated Ctrl. The
levels of CoxIV, a mitochondrial cytochrome oxidase subunit
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whose levels directly correlate with copper levels (44), were
unchanged (Fig. 5E). Evaluation of Ctrl by immunoblotting of
extracts from wild-type, Ctr2*/~, and Ctr2~/~ MEFs demon-
strated a direct correlation between Ctr2 gene dosage and the
abundance of truncated Ctrl (Fig. 5F).

We tested, by using RNAI, whether differences in the abun-
dance of truncated Ctr1 in Ctr2™~ mice and MEFs might be due
to unanticipated genomic alterations around the Ctr2 gene. As
shown in Fig. 5G, treatment of wild-type MEFs with RNAi
against Ctr2, but not scrambled RNA|, resulted in a reduction in
Ctr2 protein levels and a corresponding reduction in truncated
Ctrl and increased full-length Ctrl. Furthermore, overexpression
of the Ctr2 cDNA in wild-type MEFs resulted in increased trun-
cated Ctrl, and expression of the Ctr2 cDNA, but not empty vector
in Ctr2”~ MEFs, increased the abundance of truncated Ctrl (Fig.
5H). CoxIV levels were unaltered in these experiments (Fig. 5 G
and H). Moreover, expression of mouse Ctr2 in human
HEK293T cells also resulted in elevated levels of truncated human
Ctrl, without changes in CCS, the copper chaperone for SOD1
whose levels are reduced via proteasomal degradation when cop-
per levels are elevated (Fig. 5I) (45). These results demonstrate
that Ctr2 levels are important for the generation or stability of
truncated Ctrl and that abundance of truncated Ctrl inversely
correlates with copper accumulation in mice and cultured cells.
Given the observations that neither ATP7A trafficking nor CCS
or CoxIV protein levels are altered, the accumulated copper in
Ctr2~~ mouse tissues and MEFs is not sensed in the cytosolic or
mitochondrial compartments.

Truncated Ctr1 Facilitates Endosomal Copper Mobilization. A trun-
cated form of human Ctrl has been shown to have significantly
reduced Cu* import activity (36). Although neither the physio-
logical role of truncated Ctr1 nor the nature of the cleavage site(s)
have been characterized, previous studies speculated that human
Ctrl cleavage may occur within a five-amino-acid region 29-34
amino acids from the amino-terminus (46). We directly charac-
terized the cleavage site of mouse Ctrl by purifying the cleaved
form and determining its sequence by mass spectrometry. A
mouse Ctrl protein with a carboxyl-terminal FLAG epitope tag
(Ctr1-FLAG,) was expressed in human HEK293T cells and
truncated Ctrl was gel-purified (Fig. S5). In-gel trypsin digestion
followed by tandem liquid chromatography-mass spectroscopy
(LC-MS) from two independent experiments revealed pre-
dominant cleavage sites within the Ctrl ecto-domain after Met
residues at positions 47, 48, and 51 (Fig. 64). Notably, cleavage
of mouse Ctrl at these positions results in the removal of all 11
His residues and 10-13 Met residues in the Ctrl ecto-domain,
many of which have been shown to serve as Cu and cisplatin
ligands in model peptides (32, 33, 47). Interestingly, Mets 49 and
51, which remain in the truncated Ctrl protein, are essential for
human Ctrl function in Cu* transport (31). Although both
mouse and human Ctrl proteins harbor Met- and His-rich ecto-
domains, and both have been observed as full-length and trun-
cated forms, their sequences are not identical within the ecto-
domain. We carried out similar sequencing experiments in duplicate
using a carboxyl-terminal FLAG epitope-tagged human Ctrl. As
shown in Fig. 64, human Ctrl was cleaved in human cells pre-
dominantly within the run of Met residues in the ecto-domain at
positions 40, 41, 42, and 45.

A previous report suggested that Ctr2 functions as a lyso-
somal copper exporter because overexpressed Ctr2 partially
localized to the lysosome and modestly induced transcription
from a metal-responsive reporter plasmid (37). Data pre-
sented here demonstrate that Ctr2 is important for the accu-
mulation of truncated Ctrl, regulates Ctrl-mediated Cu*
accumulation, and prevents copper accumulation in the endo-
somal compartment. Given that Ctrl localizes to both the plasma
membrane and the endosomal compartment, we tested the pos-
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Fig. 6. Truncated Ctr1 mobilizes copper from endosomal compartments. (A)
Red arrowheads indicate the cleavage sites determined for mouse and hu-
man Ctr1 (see Fig. S6 for band identification). (B) Ectopic expression of Ctr1
or truncated Ctr1 in Ctr2~'~ MEFs. Protein extract was immunoblotted with
anti-Ctr1, Ctr2, p-galactosidase antibody as transfection efficiency control,
and anti-actin. (C) Ctr2~/~ MEFs transfected in B were stained for Cu* with
CS3, and several fields (representative fields shown) were photographed for
quantitation. (D) Enumeration of CS3-positive punctae for Ctr2”~ cells
transfected with an empty vector (V), Ctr2, Ctr1, or truncated Ctr1 (tCtr1). (E)
Ctr2~~ MEFs were analyzed for total Cu levels by ICP-MS. Expression of the
Ctr2 cDNA (Ctr2), tCtr1, and Ctr2“", but not the empty expression vector (V)
re-established low Cu levels. Data are presented as mean + SD from three
biological replicates. (F) A conserved Ctr1 motif is not required for Ctr2-
induced cleavage of the Ctr1 ecto-domain. Protein extracts from Ctr2~/~
MEFs transformed with vector (V) or a vector expressing Ctr2 or Ctr2-3t
were immunoblotted with anti-Ctr1, anti-Ctr2, or anti-SOD1 antibody. (G)
Cells in F were stained and CS3-positive punctae were quantitated as in D.

sibility that truncated Ctrl, rather than Ctr2 or full-length Ctrl,
mobilizes copper from endosomes. Ctr2”~ MEFs were trans-
fected with an empty vector or plasmids that express Ctr2, wild-
type Ctrl, or a truncated version of mouse Ctrl in which trans-
lation begins at position 49. Expression of Ctr2 restored the
generation of high levels of truncated Ctrl (Fig. 6B). Expression
of full-length Ctrl resulted in the generation of both full-length
and truncated Ctrl, whereas expression of truncated Ctrl gave
strongly elevated levels of the truncated form of the protein.
Parallel cell samples were stained with CS3 to image Cu* pools in
live cells, and CS3-positive large punctae were quantified. Ctr2™/~
cells accumulate intense copper punctae that, based on frac-
tionation results, are likely to correspond to the endosomal
compartment. Expression of wild-type Ctr2 in Ctr2~~ MEFs
resulted in a reduction in CS3-positive large punctae by ~50%,
and a modest reduction was also observed by expressing wild-
type Ctrl (Fig. 6 C and D). Expression of truncated Ctrl, in the
absence of Ctr2, reduced the number of large CS3-positive
punctae to approximately the same level as that observed by
expressing Ctr2. Furthermore, as shown in Fig. 6F, truncated
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Ctrl reduced total cellular copper to similar levels as that ach-
ieved by returning Ctr2 to Ctr2~'~ MEFs. These results suggest
that truncated Ctrl or changes in the ratio of truncated to full-
length Ctrl are important to mobilize copper out of the endo-
somal compartment, making it available for export out of the
Ctr27~ cells.

The data presented here support a model in which Ctrl
truncation is important for the mobilization of copper from
endosomes. Given that Ctr2 shares topological similarity to Ctrl
and possesses an M-X3-M motif in the second transmembrane
domain that is essential for copper transport by Ctrl, it is pos-
sible that Ctr2 directly participates in the mobilization of endo-
somal copper stores, perhaps in a complex with truncated Ctrl.
To test this hypothesis, we expressed wild-type Ctr2 in Ctr2™/~
MEFs or a Ctr2 protein in which the M-X3-M motif had been
altered to L-X3-L, which renders all known Ctrl family Cu*
transporters nonfunctional (16, 31). As shown in Fig. 6F, the
Ctr2 protein in which the M-X5-M motif has been altered to
L-X5-L is expressed at similar levels compared with wild-type
Ctr2 and supports the accumulation of steady-state levels of trun-
cated Ctrl to an extent similar to wild-type Ctr2. Furthermore,
expression of the Ctr2 L-X5-L protein in Ctr2”~ MEFs resulted in
the mobilization of copper from endosomal compartments and in
reduction of total copper, similar to that stimulated by wild-type
Ctr2 (Fig. 6 E and G). These results suggest that the con-
served M-X;3-M motif is not necessary for Ctr2 to support the
accumulation of truncated Ctrl and for endosomal copper
mobilization.

A Ctra++ 1 Ctr2
1
Cuw o H 1
1
1
i
. : / .& (] N 1 o‘ °
~ e | \ /"
[y = 1 =
e 3\‘-“; E 200
mtrz f 9
¥, i
% ]
'
B Cu Pt
18 350
15 300
§ 12 § 20
5 £ 200
g g 150
E & E
Ed > 100
3 50
0 0
++ -l ++ /-
Ctr2 MEF Ctr2 MEF
C Ctr2++ | Ctr2*
1
X . 1
Cisplatin
p ’ : ﬁ
1
@ i
i
ctrt m 1
e 'S : / =
[
7 i
0%, !
ms |
1
crz |
!

Fig. 7. Ctr2 modulates copper and cisplatin acquisition. (A) Model for Ctr1-
dependent Cu* uptake and endosomal copper mobilization by truncated
Ctr1. (B) Ctr2™'~ MEFs accumulate cisplatin. Wild-type and Ctr2~'~ MEFs were
exposed to cisplatin and copper (Left) or platinum (Pt) (Right) measured by
ICP-MS. Data are presented as mean + SD for four biological replicates. (C)
Model for Ctr1-dependent cisplatin import and the modulation of Pt uptake
by truncation of Ctr1.
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Ctr2 Modulates Copper and Cisplatin Accumulation. Ctrl resides
both on the plasma membrane and on endocytic vesicles, with
constitutive internalization that is enhanced by its substrates, Cu*
and cisplatin, and recycling (48, 49). The data presented here
demonstrate that Ctr2 promotes the accumulation of truncated
Ctrl and suggest a model that truncated Ctrl may be more active
in mobilizing endosomal Cu stores (Fig. 74). Cells expressing full-
length Ctrl were previously demonstrated to import Cu™* and
cisplatin more effectively than a version lacking the ecto-domain
that harbors direct ligands for both copper and cisplatin (28).
Moreover, previous studies suggested that depletion of Ctr2 by
RNAI resulted in enhanced cisplatin accumulation via an un-
known mechanism (50). Comparison of cisplatin accumulation in
wild-type and Ctr2~~ MEFs demonstrated that Ctr2~'~ cells ac-
cumulated approximately twice the levels of cisplatin over the
course of the experiment, with elevated copper accumulation also
observed (Fig. 7B). These results support the hypothesis that
reduced cleavage of the Ctrl ecto-domain in cells lacking Ctr2
facilitates cisplatin uptake by elevating the levels of full-length
Ctrl at the plasma membrane (Fig. 7C).

Discussion

Although the role of the Ctrl family of Cu* importers in copper
acquisition in organisms from yeast to mammals is well estab-
lished, the mechanisms by which Ctrl functions and is regulated
are not well understood. Moreover, Ctrl plays an important role
in cellular uptake of cisplatin, and the levels of Ctrl influence
cisplatin accumulation in cellular and cancer models (25, 29, 35,
51). Here we present data that support a role for Ctr2 in regu-
lating copper and cisplatin acquisition via Ctrl. Tissues, in partic-
ular brain tissue, from Ctr2~~ mice and Ctr2”~ MEFs accumulate
copper in intracellular foci. We suggest that the copper deposits
observed in mouse brain may also be in endosomal compartments,
as observed in the Ctr2”~ MEFs. Interestingly, although tissues and
MEFs from Ctr2™ mice accumulate copper, results presented here
suggest that the copper accumulated in Ctr2” cells or tissues is
not bioavailable.

We previously demonstrated that mice with an intestinal epi-
thelial cell (IEC)-specific excision of the Ctrl gene exhibit a pe-
ripheral copper deficiency, but accumulate copper in a nonlabile
pool in IECs (22). We suggested that Ctrl may function both in
Cu™ import from the apical membrane and in copper mobili-
zation from an intracellular endosomal pool, perhaps generated
and mobilized by endocytosis in a manner analogous to Fe
transport by transferrin, the transferrin receptor, and the DMT1
divalent metal transporter (52). In the current work we similarly
observe an intracellular copper pool from Ctr2~~ MEFs that we
show cofractionates with the endosomal compartment. This
same compartment is enriched for full-length and truncated Ctrl
and Ctr2 in wild-type MEFs, but for mostly full-length Ctrl in
Ctr2~/~ MEFs. Based on the ability of truncated Ctrl to more
efficiently facilitate copper mobilization from the CS3-positive
compartment compared with expression of full-length Ctrl in
Ctr2™~ MEFs, we suggest that truncated Ctrl may be more
active in copper mobilization from an endosomal compartment
than full-length Ctrl. Moreover, previous studies in both yeast
and mammalian cells suggest that Ctrl harboring its copper-
ligand-rich ecto-domain has a greater activity for extracellular
Cu™ import than truncated versions or mutants lacking the
copper-coordinating methionine or histidine residues (31, 36,
47). Together, these observations and our current studies sug-
gest a model in which full-length mammalian Ctrl is the more
active form for Cu* import across the plasma membrane,
whereas cleavage of the Ctrl ecto-domain generates a form
that is more active for mobilizing endosomal copper stores (Fig.
7A4). As Ctrl is thought to function as a channel/permease for
Cu™ import, but as a receptor for cisplatin acquisition (27), this
model is consistent with the accumulation of copper in endo-
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somal compartments and cisplatin in an unknown subcellular
location in cells or tissues lacking Ctr2.

Although a mechanism for the Ctrl ecto-domain regulating
copper export from an endosomal compartment has not yet been
elucidated, structural studies suggest that the Ctrl ecto-domain
could occlude the Cu* pore formed at the homo-trimeric interface
(42). Perhaps the structure of the Ctrl ecto-domain or its inter-
actions with other proteins is distinct when Ctr1 is localized to the
cell surface, compared with the acidic endosomal compartment.
Cleavage of this ecto-domain could provide a mechanism to alle-
viate this inhibitory function. The indirect involvement of Ctr2 in
endosomal copper export is further supported by the observations
that expression of Ctr2 in which the M-X3-M motif has been al-
tered to L-X5-L fosters both accumulation of truncated Ctrl and
the mobilization of endosomal copper stores. Whereas the Ctrl
ecto-domain cleavage sites that we have determined by mass
spectrometry are distinct from those predicted by others (46), the
majority of Ctrl truncations have retained one of two Met residues
of the M-X-M sequence, both of which have been previously
shown to be essential for Ctrl Cu* transport activity (31).

Although Ctr2 was previously suggested to function as a direct
lysosomal copper exporter (37), we suggest that Ctr2 participates
in endosomal copper export by virtue of facilitating the cleavage
of the Ctrl ecto-domain or stabilizing truncated Ctrl, thereby
driving Ctrl-dependent endosomal copper export. Consistent
with a previous report suggesting that Ctrl is cleaved in Rab9-
positive endosomes (46), we find Ctr2 to be localized to the
endosomal compartment, although it may also cycle to and from
the plasma membrane or secretory compartment. Furthermore,
because Ctrl and Ctr2 interact in a complex, we speculate that
Ctr2 enhances the abundance of truncated Ctrl either by the
recruitment of a protease or by stabilizing truncated Ctrl against
degradation. Current studies are underway to identify the pro-
tease activities responsible for Ctrl cleavage and to understand
how Ctrl cleavage, or the stability of the cleaved form of Ctrl, is
regulated by Ctr2 and potentially by copper status. Additional
insights into these mechanisms may explain why Ctr2 influences
the abundance of truncated Ctrl in many, but not all, tissues.
Finally, Ctr2~~ mice may be a useful tool for understanding how
intracellular copper is stored and mobilized and how defects in
this process may impact or be impacted by other disease states.

Materials and Methods

Animals. To generate Ctr2 knockout mice, loxP sequences were inserted
between Ctr2 exons 1 and 2, and the PGKneo selection marker gene flanked
by two loxP sites was inserted downstream of Ctr2 exon 4 (Ctr2-PGKneo-
floxed). Mice having the Ctr2-PGKneo-floxed allele were crossbred with Ella-
Cre mice (Jackson Laboratory) to excise Ctr2 exons 2-4 and PGKneo. Mice
were euthanized by CO, and perfused with PBS, and tissues were dissected,
snap-frozen in liquid nitrogen, and stored at —80 °C until use. All proce-
dures were approved by the Institutional Animal Care and Use Committee
at Duke University.

PCR Genotyping, Blotting, and Quantitative RT-PCR. For DNA extraction, mouse
tail tips or cells were lysed in lysis buffer consisting of 100 mM Tris-HCl (pH
7.4), 5 mM EDTA, 0.1% SDS, 200 mM NacCl, and 250 pg/mL Proteinase K in
1.5-mL centrifuge tubes at 50 °C for 3 h to overnight. The lysates were
centrifuged at >12,000 x g for 10 min. DNA was extracted from the super-
natants by standard methods. For RNA extraction, tissues perfused with PBS
and dissected were immediately subjected to RNA extraction by the modi-
fied hot phenol method (53).

For Southern blotting, DNA extracted from clipped tail of 20- to 21-d-old
mice was digested by EcoRV or EcoRI. Restriction enzyme sites and probes are
indicated in Fig. S1B. For RNA blotting, membranes (Mouse NorthernLIGHT
Blot, Panomics) were hybridized with cDNA probes for Ctr1 or Ctr2. Probes
were generated by PCR and labeled with 32P-dCTP with the Random Primers
DNA Labeling System (Invitrogen). For semiquantitative RT-PCR, cDNA was
synthesized by SuperScript Ill Kit (Invitrogen). SDS/PAGE and immunoblot-
ting were carried out by standard protocols.
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Cell Cultures. MEFs from Ctr2**, Ctr2*/~, and Ctr2™'~ animals were generated
as previously described (54). Wild-type (Ctr1**) and Ctr1~~ MEFs were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM) (11995-065, Gibco)
supplemented with 20% (vol/vol) heat-inactivated FBS, 1x MEM non-
essential amino acids, 50 pg/mL uridine, 100 U/mL penicillin/streptomycin,
and 55 pM 2-mercaptoethanol. Wild-type (Ctr2**) and Ctr2™~ MEFs were cul-
tured in DMEM supplemented with 10% (volivol) heat-inactivated FBS, 1x MEM
nonessential amino acids, 2 mM Hepes, 1x antibiotic-antimycotic, 55 pM 2-
mercaptoethanol, and 100 pg/mL hygromycin B. HEK293T cells were cultured in
DMEM supplemented with 10% (vol/vol) heat-inactivated FBS and 100 U/mL
penicillin/streptomycin. All cells were cultured under 5% CO, at 37 °C.

Protein Extraction. Tissue or cultured cell-protein extracts were prepared as
follows. The tissues were homogenized in about 10 times volume of ice-cold
lysis buffer [PBS (pH 7.4), 1% Triton X-100, 0.1% SDS, and 1 mM EDTA,
proteinase inhibitors (complete EDTA-free, Roche; or Halt Proteinase In-
hibitor Mixture, Thermo Scientific)]. Cell pellets were suspended in about 10
times volume of the same lysis buffer (ice-cold) and briefly vortexed. The
tissue homogenates or cell suspensions were incubated in ice for 1 h and
centrifuged at 16,000 x g at 4 °C for 20 min, and supernatants were col-
lected. The protein concentrations were measured by DC Protein Assay Kit
(Bio-Rad) or BCA Protein Assay Kit (Thermo Scientific).

Antibodies. A synthetic peptide of the sequence H2N-CLGPDQDSTGSRSTSDNRT-
COOH, which corresponds to the cytosolic loop between transmembrane
domains 1 and 2 of mouse Ctr2, was used to generate a rabbit anti-Ctr2 an-
tiserum. Generation and affinity purification of the antiserum was performed
by Bethyl Laboratories, Inc. The anti-Ctr1 antibody has been described pre-
viously (22). Antibodies against cytochrome ¢ oxidase (CoxIV; MitoSciences),
copper chaperone for Cu/Zn superoxide dismutase (CCS; FL-274; Santa Cruz
Biotechnology), actin, glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(Abcam), p-tubulin, Rab4, Rab5, Rab7, Rab9, Rab11, Lamp1 (Cell Signaling
Technology), Cu/Zn superoxide dismutase (SOD1; Stressgen), c-Myc, FKBP15,
and FLAG (M2; Sigma), p-galactosidase (Promega), ATP7A (generous gift from
M. Petris, University of Missouri, Columbia, MO) were also used. Horse-
radish peroxidase-conjugated anti-mouse or anti-rabbit IgG (GE Healthcare
Bio-Sciences) was used as the secondary antibody for immunoblotting.
Alexa Fluor 488 or 568 anti-rabbit or anti-mouse IgG (Invitrogen) were used
for immunofluorescence microscopy.

Metal Measurements by ICP-MS. Tissue, cell, or organelle Cu, Fe, and Zn
concentrations were measured by ICP-MS as described (22). Tissues were
collected into acid-washed 1.5-mL microcentrifuge tubes and weighed. The
cultured cells were rinsed once with PBS, harvested by scraping in ice-cold
PBS, and divided into two tubes. One tube was used to measure protein
content, and the other sample was collected by centrifugation at 400 x g for
5 min at 4 °C. Tissues or cell pellets were suspended in 10 times volume/
weight (ul/mg wet weight) of trace-analysis grade nitric acid (Sigma-Aldrich),
heated at 85-95 °C for ~1 h and subjected to ICP-MS analysis. For cisplatin
accumulation, Ctr2*"* and Ctr2~~ cells were treated with 200 pM cisplatin
(American Pharmaceutical Partners, Inc.) in Opti-MEM for 2 h and digested
in HNO3:HCl (3:1) followed by ICP-MS. The analyses were performed by the
Keck Elemental Geochemistry Laboratory, Department of Earth and Envi-
ronmental Sciences, University of Michigan (Ann Arbor, Ml) and by the En-
vironmental and Agricultural Testing Service, Department of Soil Science,
North Carolina State University (Raleigh, NC). Values were normalized by
tissue wet weight or protein concentration.

XFM Analysis of Mouse Brains. For XFM experiments, saggittally oriented brain
halves were embedded in optimal cryo temperature medium (OCT) Thermo
Shandon) and flash-frozen in dry-ice—cooled iso-pentane and stored at —80 °C
for sectioning. OCT blocks were sectioned at the Histopathology Shared
Resource at Oregon Health and Science University using a cryostat (Mircom).
For each sample, a 10-pm section was directly placed onto Ultralene (X-ray
transparent film, 4 um, Spex SamplePrep), air-dried, and stored in a desic-
cator until use. To be able to correlate regions of interest, adjacently cut 5-
pm sections were stained with hematoxylin and eosin to image tissues. X-ray
fluorescence microscopy data were collected on beamline 2-ID-E at the
Advanced Photon Source, Argonne National Laboratory (Argonne, IL).
Samples were mounted onto lucite sample holders [made in-house (55)] and
fit into a kinematic sample mount. Target regions were selected using a light
microscope (Leica) equipped with a motorized x, y-stage (Ludl Electronic
Products). For the XFM measurements, the incident X-ray energy was tuned
to 10 keV using a Si-monochromator with the monochromatic beam focused
to ~800 x 900 nm (final resolution) using a 20-cm Fresnel zone plate. The
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sample was placed at 15° to the incident X-ray beam, and the resulting X-ray
fluorescence was collected at 90° using an energy dispersive four-element
detector (Vortex ME-4, SIl Nanotechnology). X-y raster scans were per-
formed in fly-scan mode (x-stage continuously moving) with a 30- x 30-um
pixel size and a 50-ms dwell time per pixel for coarse scans followed by
several high-resolution scans with a 400- x 400-nm pixel size and an 8-ms
dwell time per pixel for high-resolution scans. To optimize the fidelity of the
image, X-ray fluorescence data were over-sampled in x and y. Elemental
maps were created by extracting, background subtracting, and fitting the
fluorescence counts for each element at each point using the program MAPS
(56). For the analysis, to optimize the signal-to-background ratio and thus
the visibility of elemental content, we calculated a running average spec-
trum for each pixel by averaging spectra of nine neighboring pixel and then
carrying out the per-pixel fitting. The fluorescent photon counts were
transformed into micrograms per square centimeter using calibrated X-ray
standards (AXO products). Regions of interest were selected for each scan,
and the respective elemental content was quantified.

Transfection. All plasmids used for the experiments except BiFC used the
pcDNA3.1(+) backbone. For BiFC, the original plasmids pBiFC-bJun-YN155 and
pBiFC-bFos-YC155 were provided by T. Kerppola (University of Michigan, Ann
Arbor, MI). Transfection of plasmids into HEK293T cells was carried out by
using Lipofectamine 2000 or Lipofectamine LTX (Invitrogen) according to the
manufacturer’s manual. Transfection into MEFs was carried out by electro-
poration using an Amaxa Nucleofection MEF2 kit or Amaxa SE Cell Line 4D-
Nucleofector X Kit (Lonza).

Immunofluorescence Microscopy. HEK293T cells transfected with empty vector,
FLAG;, or c-Myc tagged Ctr1 or Ctr2 were fixed with 4% paraformaldehyde-
PBS and permeabilized with 0.1% Triton X-100. For detection of extracellular
epitopes, the Triton X-100 permeabilization step was omitted.

RNAi Knockdown. The smartpool siRNA for mouse CTRT (SLC31A1) or mouse
CTR2 (SLC31A2) (Dharmacon) was used to knock down the CTRT CTR2 genes,
respectively, in the Ctr2~~ or Ctr1”~ MEFs. MEFs were seeded in six-well
plates at a density of 1 x 10 cells/well. The following day siRNA or scrambled
RNA (scRNA) (nontargeting RNA) was added to wells according to the
manufacturer’s instructions and incubated for 72 h before collection for ICP-
MS and Western blot analysis.

Imaging Cu* Intracellular Copper in Live Cells by CS3 Probe. Ctr2** and Ctr2™/~
MEFs were seeded in glass-bottom wells, incubated with 5 uM CS3 (gift from
C. Chang, University of California, Berkeley, CA) in growth medium without
serum for 15 min (57, 58). Live cells were observed by confocal microscopy
(Leica DMI6000CS) using a diode laser at 561 nm. For transfected Ctr2~/~ MEFs,
coded counting of CS3-positive punctae was performed by three individuals
for at least 100 cells over five fields of vision.
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Discontinuous Density Gradient Fractionation of Cellular Compartments. The
Ctr2*/* and Ctr2~/~ MEFs were cultured on 15-cm diameter dishes until 100%
confluent. The cells were rinsed twice with ice-cold PBS, scraped, and pel-
leted at 900 x g for 2 min at 4 °C. The 200-to 250-mg (wet weight) pellets
were dissolved by slow vortexing in 800 pL lysis buffer with protease
inhibitors, incubated in ice for 2 min, and subjected to sonication with 10
bursts in ice with a precooled probe. The lysates were centrifuged at 500 x g
for 10 min 4 °C to precipitate the nuclei fraction. The supernatants were
separated by discontinuous iodixanol density gradient centrifugation (Ly-
sosomal Enrichment Kit, Thermo Scientific) at 145,000 x g for 2 h at 4 °Cin
a swing rotor. The three different fractions were collected from the gradi-
ent, and each fraction was divided into three tubes. One tube was subjected
to a protein measurement by BCA Protein Assay Kit (Thermo Scientific), one
tube was subjected to HNO3 digestion for ICP-MS analysis, and one tube for
protein isolation and immunoblotting.

Coimmunoprecipitation. HEK293T cells transfected with empty vector, c-Myc
epitope-tagged Ctr2 (Myc-Ctr2), and FLAG epitope-tagged Ctr1 (FLAG,-Ctr1),
either alone or in combination and treated with or without the membrane-
permeable cross-linker DSP. Ctr1 was immunoprecipitated with anti-FLAG
antibody and extracts immunoblotted with anti-c-Myc antibody.

BiFC Assay. HEK293T cells were transfected with the pBiFC plasmids as de-
scribed by Kerppola (43) as depicted in Fig. 4, incubated for 1-2 d, and ob-
served with Zeiss Axio Imager wide-field fluorescence microscope (Zeiss).

Identification of Ctr1 Cleavage Sites. HEK293T cells transfected with control
vector or human or mouse Ctr1 tagged with FLAG, at the carboxyl-terminus
were cultured overnight, and FLAG-tagged proteins were affinity-purified
with FLAG Affi-Gel, separated on SDS/PAGE gel, and stained with a Colloidal
Blue Staining Kit (Invitrogen). The band corresponding to the truncated
form of Ctr1 was excised, digested in-gel by trypsin, and subjected to pep-
tide analysis and sequencing by LC-MS/MS performed by the Duke University
Proteomics Core.
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