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Background: Copper enters human cells through pores formed by trimeric hCTR1 transporters that require intramem-

brane methionines near the extracellular side.

Results: The copper transport rate is increased by mutations on the intracellular side of hRCTR1.
Conclusion: hCTR1 elements on the intracellular side affect the copper transport rate and response to high copper.
Significance: The mutations provide unexpected insight into the hCTR1 transport mechanism.

Human copper transporter 1 (hCTR1) is a homotrimer of a
190-amino acid monomer having three transmembrane
domains believed to form a pore for copper permeation through
the plasma membrane. The hCTR1-mediated copper transport
mechanism is not well understood, nor has any measurement
been made of the rate at which copper ions are transported by
hCTRI. In this study, we estimated the rate of copper transport
by the hCTRI1 trimer in cultured cells using **Cu uptake assays
and quantification of plasma membrane hCTR1. For endoge-
nous hCTRI1, we estimated a turnover number of about 10 ions/
trimer/s. When overexpressed in HEK293 cells, a second trans-
membrane domain mutant of hCTR1 (H139R) had a 3-fold
higher K,,, value and a 4-fold higher turnover number than WT.
Truncations of the intracellular C-terminal tail and an AAA
substitution of the putative metal-binding HCH C-terminal tri-
peptide (thought to be required for transport) also exhibited
elevated transport rates and K|, values when compared with WT
hCTR1. Unlike WT hCTR1, H139R and the C-terminal mutants
did not undergo regulatory endocytosis in elevated copper.
hCTR1 mutants combining methionine substitutions that block
transport (M150L,M154L) on the extracellular side of the pore
and the high transport H139R or AAA intracellular side muta-
tions exhibited the blocked transport of M150L,M154L, con-
firming that Cu™ first interacts with the methionines during
permeation. Our results show that hCTR1 elements on the
intracellular side of the hCTR1 pore, including the carboxyl tail,
are not essential for permeation, but serve to regulate the rate of
copper entry.

Copper ions enter eukaryotic cells via high affinity mem-
brane transporters consisting of homotrimeric Ctrl proteins
(1). Cells require copper ions as cofactors for enzymes that are
involved in redox reactions, such as mitochondrial oxidative
phosphorylation and dismutation of superoxides (2). In mam-
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mals, free copper ions are not abundant in the serum (3) and are
not measureable inside cells (4). Copper ions are bound to and
exchanged among proteins or small molecules in the serum, the
cytoplasm, and intracellular compartments through which
copper transits (5-7).

The human copper transporter 1 (hRCTR1)? gene was discov-
ered by virtue of its ability to complement copper deficiency in
yeast Ctr1Ctr3 double mutants, which lack high affinity copper
uptake (8). hCTR1 also suppresses phenotypes of copper defi-
ciency in Drosophila CTR mutants (9) and mediates copper
transport when expressed in insect cells (10). Studies in cul-
tured cells from mouse CTR1 knockouts indicate that CTR1 is
the principal high affinity transporter of copper in mammals
(11), although other pathways of copper entry clearly exist (12,
13). It is generally believed that hCTR1 transports Cu* and not
Cu®" ions (14). For example, Ag™" inhibits copper transport by
hCTRI1, whereas divalent metals do not (12).

Structural studies have revealed that the three highly con-
served membrane-spanning domains in CTR1 proteins form a
channel or permeation path for copper ions through the plasma
membrane. Low resolution cryoelectron microscopy studies of
the 190-amino acid hCTR1 transporter show that the trans-
porter is a homotrimer, in which the N terminus is extracellu-
lar, the transmembrane domains form the pore, and the short
C-terminal tail is cytoplasmic (15, 16). Previous biochemical
studies suggested this topology (17-19), and multiple studies
suggest that the second transmembrane domain lines the chan-
nel or pore (10, 20, 21).

Two methods have been used for structure/function studies
of hCTR1 transport: evaluating yeast Ctrl mutants by their
ability to assemble in the plasma membrane and/or to grow in
low copper (20, 21) and radioactive copper uptake in cells
expressing hCTR1 mutants. Using ®*Cu uptake as a measure of
hCTRI1 function, mutational studies have identified amino acid
residues important for transport. Methionines in the N termi-
nus (Met-43, Met-45) and second transmembrane domain
(Met-150, Met-154) on the extracellular side are required for
efficient copper uptake by hCTR1 (10, 22, 23). Other residues
important for transport were identified in our previous study of

3 The abbreviations used are: hCTR1, human Ctr1 transporter; tet, tetracy-
cline; DMEM, Dulbecco’s minimal essential medium; ab, antibody.

JOURNAL OF BIOLOGICAL CHEMISTRY 18035



Regulation of Copper Transport in hCTR1

4Cu uptake in insect cells expressing hCTR1 mutants. In cells
expressing H139R, both K, and V., for copper transport were
substantially increased (10). Because His-139 is located in the
second transmembrane domain near the cytoplasmic side, it
has been proposed that the introduction of a positive charge in
the copper permeation pathway affected the conformation
of the transporter, facilitating faster transit of Cu™ ions through
the pore (10, 24). De Feo et al. (16) proposed a model wherein
Met-150 and Met-154 (near the extracellular aspect of hRCTR1)
provide an initial binding site in the pore (possibly serving as a
selectivity filter), and C-terminal HCH motifs receive the metal
ion at the cytoplasmic face and transfer it to copper chaperones
or small molecules. A recent all-atom model of hCTR1 (25) also
emphasizes the roles of the methionine residues in coordinat-
ing the permeating copper ions.

These studies suggest that the influx of copper ions across the
plasma membrane via mammalian CTR1 transporters could
take place by: 1) transfer of ligand-bound copper ions to the
extracellular portion of the CTR1 homotrimer; 2) binding to
Met-150 and Met-154 residues in the pore near the extracellu-
lar side followed by transit of copper ions through a pore com-
posed of CTR1 transmembrane domains, to a second binding
site, such as the C-terminal HCH motif; and 3) ligand exchange
of copper at the cytoplasmic face of hCTR1 to molecules such as
intracellular copper chaperones or glutathione (14, 16, 24).
Numerous other studies have contributed to this model of
CTR1 transport (10, 15-17, 20, 22). An alternative hCTR1-me-
diated copper uptake mechanism has been proposed that
involves endocytosis of copper bound to hCTR1 followed by
intracellular release of the metal and subsequent degradation of
hCTR1 (26, 27) To clearly distinguish between these or other
possible transport mechanisms, more experimental evidence is
needed.

In this study, we estimated, for the first time, that the turn-
over number (maximal rate of copper transported per hCTR1
trimer) for hCTR1 in human cells is about 10 per second. We
also showed that mutations on the intracellular side of the
transporter substantially increase the rate of transport. We
showed that the H139R mutation in the second transmem-
brane segment and mutations in the intracellular C-terminal
tail result in a higher rate of copper transport and higher K,
values for copper. Experiments with double mutants confirm
that the intracellular side mutants act at a step after copper
interacts with the methionines on the extracellular side of the
pore. The intracellular side mutants, unlike the WT (wild type)
protein, are not endocytosed in the presence of elevated extra-
cellular copper. Our results suggest that rather than being a
necessary part of the permeation pathway, the C-terminal tail
serves a regulatory function. The tail appears to act to limit
transport through the pore by regulating the rate of exit of cop-
per ions at the intracellular side. In addition, the C-terminal tail
is important in the regulatory endocytosis of hCTR1 in high
external copper.

EXPERIMENTAL PROCEDURES

hCTR1 WT and Mutant Expression Constructs—A W'T
hCTR1 cDNA clone was obtained from Dr. J. Gitschier, Uni-
versity of California, San Francisco (UCSF) (GenBank ™ acces-
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sion number U83460, HUGO Gene Nomenclature Committee
(HGNC)). As described previously (28), an N-terminal FLAG
tagged hCTR1 clone was constructed using this cDNA. The
H139R and C-terminal mutants were derived from the FLAG-
tagged hCTR1 clone pEM94 (Ref. 29, available on request).
H139R was made as described previously (29) with a site-di-
rected mutagenesis kit (Stratagene, Carlsbad CA). H139R
primers are: forward, 5'-CTGCAAACAGTGCTGCGCATCA-
TCCAGGTGGTC, and reverse: 5'-GACCACCTGGATGAT-
GCGCAGCACTGTTTGCAG. hCTR1 C-terminal truncation
mutants (numbered by the last retained amino acid) and a
mutant in which the terminal 3 amino acids HCH were
replaced by alanines (AAA)* were amplified with PCR primers
containing compatible restriction sites for insertion into the
pcDNA™5/FRT/TO vector. Forward primer (pEM94) was: 5'-
CTCTAGAACTAGTGGATCCACCATGGACTACAA, and
reverse primers were: tr179, 5'-GCTCTCGAGTTGTCACTT-
CTTCCAGCTGAAGAGGAAGTATCCTGT; tr183, 5'-GCT-
CTCGAGTTGTCACACTACCACTGCCTTCTTCCAGCT-
GAAGAGGA; and HCH-AAA, 5'-GCTCTCGAGTTGTCAT-
GCAGCTGCCTCTGTGATATCCACTACCACTGCCTTC.
Fragments containing the mutant hCTR1 coding sequences
were cloned into the pcDNA™S5/FRT/TO cloning vector
(Life Technologies). Oligonucleotides used to make the
M150L,M154L double mutant were: forward primer:
5'-AGCTACTTCCTCCTGCTCATCTTCCTGACCTACAA-
CGGGT, and reverse primer: 5'-ACCCGTTGTAGGTC-
AGGAAGATGAGCAGGAGGAAGTAGCT. Combination
mutants (e.g. M150L,M154L; HCH-AAA) were made in
sequential steps using the same methods used for each
mutant alone.

Cell Culture—HEK293 Flp-In™ T-REx™ cells (Life Tech-
nologies) were cultured in Dulbecco’s minimal essential
medium (DMEM) (Life Technologies), 25 mm Hepes buffer,
and tetracycline (tet)-free 10% fetal bovine serum (FBS, Atlanta
Biologicals, Atlanta, GA) and maintained with selective antibi-
otics as described below. Caco-2 cells (ATCC) were cultured in
Eagle’s minimum essential medium with Earle’s balanced salt
solution and 2 mm L-glutamine (ATCC) and supplemented
with 20% FBS. All cells were grown at 37 °C in 5% CO,. HEK293
cells were subcultured every 3—5 days. Caco-2 cells were grown
on Transwell culture plates as described previously (30).

Cell lines containing tetracycline-regulated FLAG-tagged
WT and mutant hCTR1 genes were created in HEK293 Flp-
In™ T-REx"™ cells using Invitrogen Flp-In™™ T-REx"™ vec-
tors. The cells were transfected with hCTR1 constructs using
Lipofectamine 2000 (Life Technologies). Transfected cells were
selected in 12 pg/ml blasticidin S (RPI Corp., Mount Prospect,
IL) and 400 pg/ml hygromycin (Life Technologies). Resistant
colonies were pooled and tested for tetracycline-regulated
expression.

%*Cu Uptake Assays—°*Cu uptake assays in HEK293 cells
were performed in 12-well tissue culture plates. hCTR1 was
overexpressed by adding medium containing 1 ug/ml tetracy-
cline 48 h prior to the assay. One day prior to the assays, 12-well

“The following multiple mutant designations are used throughout: AAA,
H188A,C189A,H190A; MM, M150L,M154L.
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tissue culture plates were seeded with 1 X 10° cells/well in
DMEM-10%. The following day, the cells were washed once
with DMEM-10% (without antibiotics) and then incubated in 1
ml of DMEM-10% containing 2.0-20 um added CuCl, and
trace amounts of ®*Cu (2—4 X 10° cpm/well) for 5 min at room
temperature or 30 min at 37 °C (**Cu uptakes from 5-min incu-
bations were subtracted from 30-min incubations to correct for
nonspecific binding). In experiments measuring the kinetics of
copper uptake, no correction was made for initial nonspecific
binding. Copper uptake was stopped by removing ®*Cu and
adding ice-cold buffer (28), after which the cells were washed
twice with the cold buffer and then dissolved in 0.4% Triton
X-100, 10 mMm DTT, 2 mm EDTA, and 20 mm Tris, pH 8.0, and
incubated for >10 min at 37 °C. Lysed cells were collected, and
half the volume was counted in a Beckman LS 6500 scintillation
counter. The amount of ®*Cu taken up by cells in each experi-
ment was converted from cpm values to pm copper (see Ref. 10).
A portion of the lysed cells was used for protein determination.
The copper uptake was calculated as pm copper/min/well or as
pM copper/mg of cellular protein/min. Each condition was per-
formed in 3-8 replicate wells and reported as the mean
uptake + S.D. Where ®*Cu uptake was expressed as atoms of
copper transported per hCTR1 trimer per minute, replicate
wells not receiving ®**Cu were mock-incubated, washed with
ice-cold sample buffer, and biotinylated (see below) to obtain
an estimate of the number of transporters per well.

%*Cu uptake assays in Caco-2 cells were performed in 6-well
Transwell plates. Caco-2 cells were plated on 24-mm polyester
membrane Transwell inserts and cultured as described previ-
ously (30). Copper uptake measurements were performed at 2.5
uM CuCl, on either apical or basolateral membrane of polar-
ized Caco-2 cells as described previously (30) Duplicate Tran-
swell culture plates were used for protein determination.

Cell Surface Biotinylation—Biotinylation of cell surface pro-
teins was carried out using cell-impermeable, thiol-cleavable
Sulfo-NHS-SS-biotin (Thermo-Fisher-Pierce). All of the bioti-
nylation procedures were performed at 4 °C. Caco-2 cells were
grown in Transwell culture plates until polarized, and either the
apical or the basolateral membrane was biotinylated (30, 31).

PAGE and Western Blots—PAGE and subsequent Western
blotting was performed as described previously (31). The fol-
lowing primary antibodies were used: rabbit anti-hCTR1 anti-
body against hCTR1 C-terminal tail (10), mouse anti-FLAG
(GenScript, Piscataway, NJ), rabbit anti-FLAG (Sigma-Al-
drich), mouse anti-Na,K-ATPase 1 (Affinity Bioreagents,
Golden, CO), mouse anti-B-catenin (BD Biosciences), and
mouse anti-al subunit of Na,K-ATPase (Affinity Bioreagents).
Secondary antibodies were donkey anti-rabbit HRP (GE
Healthcare) or goat anti-mouse HRP (Thermo-Fisher-Pierce).
Western blot signals were obtained using luminol-based
reagents (Thermo-Fisher-Pierce) and collected with a Chemi-
Doc XRS system (Bio-Rad Laboratories). Relative band inten-
sity was determined using Quantity One® software (Bio-Rad).

Calibration of hCTRI from Individual Wells—To quantify
the number of hCTR1 transporters in HEK293 and Caco-2
cells, we used purified hCTR1 protein expressed in yeast as a
calibration standard on Western blots (a generous gift of C. De
Feo and V. Unger). Biotinylated HEK293 cells from individual

JUNE 21,2013 +VOLUME 288-NUMBER 25

Regulation of Copper Transport in hCTR1

wells from 12-well culture plates or biotinylated Caco-2 cells
from a single Transwell were prepared as described above and
analyzed by SDS-PAGE, after which the gels were transferred to
membranes for Western blot analysis. The purified hCTR1 pro-
tein was prepared at 2, 1, and 0.5 ng/ul in dilution buffer (150
mM NaCl, 50 mm NaP, pH 7, 0.2% n-dodecyl-B-p-maltoside) to
which 2X SB containing 50 mM DTT was added. Transferred
membranes were removed from the gels and placed on a filter
paper wetted with transfer buffer prior to the dotting of 2, 1, and
0.5 ng/ul of purified hCTR1 protein, 4—5 dots for each concen-
tration, along the edge of the membrane. The membranes were
then dried at room temperature for >2 h, after which Western
blot analysis was performed with rabbit anti-hCTR1 C-termi-
nal antibody as described (31).

The Western blot signals from hCTR1 bands were quantified
using Quantity One® software (Bio-Rad Laboratories). The
concentration of the unknown hCTR1 protein was determined
from the signal intensity of the known hCTR1 standards. Direct
dotting of the protein was superior to running the purified pro-
tein in lanes of the same gel due to the propensity of purified
unglycosylated hCTR1 protein to form ladders of multimeric
species,” which were difficult to quantitate in the imaging sys-
tem. We note that direct application of the purified hCTR1
protein standard to the membrane would avoid losses expected
to occur during biotinylation, recovery, and transfer of recov-
ered hCTR1 from cells. This disparity would result in an under-
estimate of hCTR1 from the biotinylated cells. Thus, the calcu-
lated values of hCTR1 trimers/cell are considered a lower limit.

Normalizing Expression Levels of hCIRI-expressing Lines—
For experiments involving ®*Cu uptake assays in which several
different lines expressing FLAG-tagged hCTR1 WT and
mutants were compared, hCTR1 expression levels were nor-
malized as described previously (28). Western blots from total
membranes from each line were probed with FLAG or Na,K-
ATPase antibodies and quantified as described (28), and copper
uptake levels were adjusted for expression when expressed as
the percentage of control uptake. Most lines had expression
levels within 10% of WT control.

Cell Assay for Viability and Proliferation—Viability of cells
was assayed using PrestoBlue™ (Life Technologies), a non-
toxic fluorescence-based indicator that is reduced by metabolic
activity of viable, growing cells. The reagent was added directly
to cells grown in 24-well plates as directed by the manufacturer,
the cells were incubated for 3—4 h, and supernatant fluores-
cence was subsequently quantified using a FLUOstar Omega
plate reader (BMG Labtech, Cary, NJ).

Confocal Imaging—Cells were grown on glass coverslips and
treated in 12-well culture plates prior to fixing and staining with
antibodies, exactly as described previously (29). Images of
HEK293 cells were collected using a Zeiss LSM 700 confocal
microscopy system equipped with a 100X objective, controlled
with Zen™ software. Instrument settings were not changed
when switching between samples.

Chemicals and Protease Inhibitors—Standard reagent chem-
icals were from Fisher or Sigma-Aldrich. Protease inhibitor

® E. Maryon and J. Kaplan, unpublished results.
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mixture tablets were from Roche Applied Science (Mannheim,
Germany). ®*Cu was produced at Washington University, St.
Louis, MO.

Data Analysis—Data from ®*Cu uptake experiments were
analyzed using Prism 5 (GraphPad Software, La Jolla, CA). The
Michaelis-Menten equation was used to determine K, and
V nax Values for copper transport by WT and mutant hCTR1
transporters: pmol of copper transported = V... X [copper]/
(K, + [copper]).

ax

RESULTS

Copper Transport in tet-regulated Cells Expressing hCTRI—
To determine the rate of copper transport by endogenous and
overexpressed hCTR1 in tet-regulated HEK293 Flp-In™ cells,
we used a copper uptake assay described previously (28). Cells
were incubated in standard DMEM with 10% FBS and further
supplemented with 2 um CuCl, containing trace amounts of
5%Cu. In this medium, under these conditions, 70 — 85% copper
uptake occurs via hCTR1 (11, 12, 30). We performed the assay
in 12-well culture plates having confluent monolayers of cells,
using 3-8 replicate wells for each condition. Replicate 12-well
plates were prepared during each ®*Cu uptake assay to count
the number of cells per well and to determine the number of
hCTRI1 copper transporters per well in each experiment.

We measured the kinetics of copper uptake in HEK293 Flp-
In™ cells with or without tet-induced overexpression of
hCTR1 in multiple cell lines. As shown in Fig. 14, copper
uptake was linear over the first 30 min. These cell lines had
undergone varying numbers of passages after creation or thaw-
ing from frozen stocks. The different slopes of each uptake
assay reflected the level of overexpression of hCTR1. Fig. 1B
shows the relative level of hCTR1 protein in purified plasma
membranes from these lines. Long term passage of the same
Flp-In™ cell line results in diminished expression from the
tet-regulated site, seen as a reduction in slope of HEK293 line 1,
comparing medium versus high passage (Fig. 1A4). The rate of
copper uptake in various cell lines correlated with the abun-
dance of hCTR1 protein expressed in each line. In the absence
of tet induction, uptake by endogenous hCTR1 in HEK293 cells
is lower but measurable (Fig. 1A).

Rate of Copper Uptake by hCTRI Transporters—To deter-
mine the rate of copper transport per hCTR1 trimer, a direct
measurement of the amount of hCTR1 in cells whose uptake of
copper was also measured was required. We measured the
amount of uptake (as pm/min/well) by HEK293 Flp-In™ cells
in 12-well culture plates. Cells were incubated with ®*Cu for 5
or 30 min. Copper uptake after 5 min was subtracted from
30-min uptakes to control for nonspecific binding. tet markedly
increased copper uptake, which varied between 0.9 and 3.0
pm/min/well (Fig. 1C). The level of endogenous hCTR1 is low in
HEK293 cells, resulting in copper uptake averaging 0.2 pm/min/
well (Fig. 1C). To determine the number of hCTR1 transporters
per cell, we used purified recombinant hCTR1 protein
expressed in yeast as a calibration standard on Western blots.
To recover and quantify hCTR1 transporters, we used surface
biotinylation of cells in replicate wells from ®*Cu uptake assays.
We previously showed that biotinylation under these condi-
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FIGURE 1. Copper uptake and expression levels in HEK293 cells. A, ®*Cu-
uptake kinetics for cells expressing FLAG-tagged (WT) hCTR1 under tetracy-
cline regulation. Line 2 was a newly created line assayed after four passages.
Line 1 was a line that was assayed after about 15 (MP, medium passage) or 30
(HP, high passage) passages. B, plasma membranes (10 pg/lane) from tet-
induced cell lines shown in A, detected with antibody raised against the
hCTR1 C terminus (“C-term ab” (17)). Ovals at the left show monomeric and
dimer hCTR1 proteins. C, rates of copper uptake in HEK293 cells with or with-
out tetinduction. Data are average of four experiments = S.D. D, Western blot
showing surface biotinylated proteins (detected with C-term ab from repli-
cate wells used in uptake experiments to quantitate hCTR1 trimers/cell).
Recovered proteins from 8 wells were loaded in the left lane (— tet) or from
half of a single well in the right lane (+ tet). In addition to monomeric and
dimeric hCTR1 in the — tet lane, nonspecific reactivity from other proteins (*)
due to the large amount (>50 n.g of protein) loaded was detected. At right is
shown 1 or 2 ng of purified hCTR1 protein dotted on the Western blot mem-
brane. hCTR1 Std, hCTR1 standard.

tions results in >95% recovery of hCTR1 in lysates of biotiny-
lated cells (28).

Cells from replicate wells used in the ®*Cu uptake assays were
biotinylated as described under “Experimental Procedures,”
and the recovered proteins were analyzed by Western blot.
Biotinylated samples from HEK293 Flp-In™™ cells containing
endogenous or overexpressed hCTR1 are shown in Fig. 1D. We
were unable to quantify endogenous (— tet) hCTR1 from
HEK293 cells collected from individual wells as we did with
overexpressed hCTR1, but we were able to visualize and quan-
titate endogenous hCTR1 by pooling multiple wells. As seen in
Fig. 1D, pooling multiple wells resulted in heavy protein loading
inasingle lane, as well as recognition of non-hCTR1 proteins (*)
not observed when biotinylated proteins from a single well (or
less) were run in a single lane.

The hCTR1 signals from monomeric and dimeric hCTR1
polypeptides were quantified in replicate wells from *Cu
uptake experiments by calibration of the luminol-based West-
ern blot signals with signals from known quantities of the puri-
fied hCTR1 protein from yeast Fig. 1D (inset). We estimated
that HEK293 Flp-In™ cells not induced with tetracycline con-
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TABLE 1
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Comparison of copper turnover rate (s~ ') for hCTR1 transporters in Caco-2 and HEK293 cells over-expressing FLAG tagged hCTR1

Copper uptake experiments were performed at 2.5 uM copper and 2 uM copper in Caco-2 and HEK/hCTR1-FLAG cells, respectively. The determination of number of
hCTR1 trimers from biotinylated protein was calculated from purified recombinant hCTR1 protein (see “Experimental Procedures”). Exp, experiment.

hCTR1 pmol of Copper Turnover rate of
Cells trimers/well” Trimers/cell” copper/min/well ions/hCTR1/s¢ copper ions/s?

HEK293 — tet

Exp 1 6.5 X 10° 287 0.16 2.5 10.9

Exp 2 4.6 X 10° 218 0.22 4.7 19.3

Exp 3 6.3 X 10° 266 0.19 2.8 12.3

Average 5.8 (*0.9) X 10® 253 (£36) 0.19 (+0.03) 3.5(+0.38) 14.2 (£3.7)
HEK293 + tet

Exp 1 1.1 X 10*° 5850 19 1.3 5.7

Exp 2 1.6 X 10° 8000 2.3 14 6.0

Exp 3 1.5 X 10" 6250 1.8 1.8 7.9

Exp 4¢ 6.5 x 10° 3622 0.68 11 4.9

Exp 5° 4.9 x 10° 2843 0.5 1.2 5.3

Average 1.4 (+0.2) X 10" 6700 (*£117) 2.1(*0.2) 1.4 (+0.24) 6.0 (=1.0)
Caco-2

Exp 1 2.2 X 10° 654 0.64 2.9 10.2

Exp2 2.3 % 10° 740 0.98 4.6 16.4

Exp 3 2.7 X 10° 618 1.26 4.5 16.8

Average 24 (+0.2) X 10° 671 (+63) 1.20 (£0.19) 4.0 (x£0.8) 14.5 (£4.15)

“ Calculated from Western blots using purified mass standard as described under “Experimental Procedures.” 1 ng of purified hCTR1 = 2.74 X 10'® hCTR1 monomers

(9.12 X 10° trimers).

® Determined by counting cells in replicate wells (or Transwell culture plates for Caco-2 cells) used in ®**Cu uptake experiments and dividing total trimers/well by average
cells/well. For HEK293, the average cells/well was 2.1 X 10°, and for Caco-2, the average cells/Transwell was 3.6 X 10°.
¢ Calculated by converting pmol to ions, dividing copper ions/min/well by average trimers/well, and converting to seconds.

 Calculated using a K, of 4.4 um (Fig. 3), and V.«
values below K,,.

= 2 x velocity at K;,,. Copper uptakes were done in 2 um (HEK293) or 2.5 um (Caco-2), assuming a linear rate of uptake at

¢ Experiments 4 and 5 were done with a high passage line (>20 passages), like that shown in Fig. 1A. tet-induced expression declines with high passage. The bolded values

were not included in the averages below.

tain 5.4 X 10° hCTR1 transporters/well, corresponding to
about 250 transporters/cell (Table 1). After induction with tet-
racycline, the cells in a low passage line (Fig. 1B) contained an
average of 1.4 X 10'° transporters/well, or about 6700 trans-
porters/cell (Table 1). Multiple independent experiments were
performed with various HEK293 tet-inducible cell lines. In each
case, hCTR1 was quantified in replicate wells and was subse-
quently used for only the ®*Cu uptake experiment done in the
same replicate set of wells.

Based on the ®*Cu uptake values and our estimates of the
number of trimeric hCTR1 transporters per cell, the rate of
copper transport per (overexpressed) hCTR1 trimer was 1.4
copper ions/second with 2 uM copper in DMEM. In HEK293
Flp-In™ cells not induced with tetracycline, the rate of copper
transport per (endogenous) hCTR1 trimer was 3.5 copper ions/
second. From these values, the turnover number (transport rate
at V,..) for endogenous hCTR1 was about 14 copper ions/s/
trimer, and 6 copper ions/s/trimer for overexpressed hCTR1.

Rate of Copper Uptake and Copy Number of hCTR1 in Caco-2
Cells—We also estimated the rate of copper uptake per hCTR1
transporter on the basolateral side of polarized Caco-2 cells.
We have previously shown that Caco-2 cells exhibit a relatively
high level of hCTR1 expression on the basolateral surface when
grown in Transwell culture plates. For this reason, we used
Caco-2 basolateral hCTR1 as a second source of endogenous
hCTR1 whose transport properties we previously characterized
(30). Caco-2 cells were grown in Transwell culture plates until
they formed tight junctions as determined by transepithelial
resistance measurements (30). We measured **Cu uptake in
apical and basolateral compartments in separate Transwell cul-
ture plates. Basolateral copper uptake for Caco-2 cells was on
average 1.2 pm/mg of protein/min (Fig. 24). We determined the
number of basolateral hCTR1 transporters by biotinylating
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cells from replicate Transwell culture plates used for **Cu
uptake assays. Polarization of Caco-2 cells was confirmed by the
basolateral localization of the B1-subunit of Na,K-ATPase (Fig.
2B). The number of endogenous Caco-2 hCTRI1 transporters
was quantified by calibrating Western blot signal of Caco-2
hCTR1 (Fig. 2B) with purified yeast hCTR1 as described for
HEK?293 cells (30). We estimated that there were 2.3 X 10°
hCTR1 trimers per well corresponding to an average of about
670 hCTRI1 trimers per Caco-2 cell, which had a transport rate
of about 4 Cu™ ions/s, at 2 um copper or a turnover number of
14.5 Cu™ ions/s/trimer (Table 1). This rate agrees well with the
value we estimated for endogenous hCTR1 in HEK293 cells.

HI39R Mutant and Copper Uptake—Although previous
studies of hCTR1 in mammalian cells have examined the role of
residues in the N terminus and on the extracellular side of the
pore (22, 23, 28, 29), little has been reported on the role of
residues on the intracellular side of the pore. We next charac-
terized an hCTR1 mutant in HEK293 cells having a histidine to
arginine substitution at position 139 (H139R) in the second
transmembrane segment, which we previously showed to have
an elevated rate of copper transport when expressed in insect
cells (10). We expressed H139R in HEK293 Flp-In™ cells and
measured the rate of copper uptake using **Cu (Fig. 3). As
shown in Fig. 3, the H139R mutant expressed in HEK293 cells
had an elevated V., and K,, when compared with WT trans-
porter. Using biotinylation of cells expressing the HI139R
mutant calibrated with purified yeast protein, we determined
copy number and copper transported in several experiments,
resulting in a turnover number (using a K, of 12.9 um) of 18.4 =
5.9 copper ions/s/trimer, versus 4.4 * 1.8 for WT protein in the
same experiment (Fig. 3).

C-terminal Mutants—We also characterized mutants with
substitutions or truncations of the hCTR1 (cytoplasmic) C-ter-
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FIGURE 2. Cell surface biotinylation and copper uptake measurements in
intestinal epithelial cells, Caco-2. Caco-2 cells were grown on Transwell
culture plates until they had formed tight junctions as described under
“Experimental Procedures.” A, ®*Cu uptake assays performed on either the
apical or the basolateral compartment of Caco-2 cells. Shown is the average
of three experiments =+ S.D. B, Western blot of biotinylated apical or basolat-
eral (Baso.) membranes of Caco-2 cells, each from a single Transwell. Recov-
ered protein was split between two lanes. Top: hCTR1 was detected using the
hCTR1 C-term ab. Bottom: the same blot was probed with Na,K-ATPase 31 ab
(Na,K-ATPase also localizes to the basolateral membrane).
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FIGURE 3. Michaelis-Menten plots of the concentration dependence of
copper uptake in HEK293 cells expressing WT hCTR1 or H139R mutant.
Shown are the results from one of three experiments. Below are shown the
values of the K,,, and turnover numbers for WT or H139R. Error bars indicate +
S.D.

minal tail that had copper transport phenotypes similar to that
of H139R. We analyzed a mutant in which the last three C-ter-
minal amino acids (HCH, a putative metal-binding motif (16))
were changed to alanines, hereafter referred to as AAA. We also
analyzed two truncations, lacking 7 or 11 C-terminal residues,
hereafter referred to as tr183 and tr179, respectively (Fig. 44).
The three mutants all exhibit elevated copper uptake rates
when compared with WT protein, particularly at higher copper
concentrations (Fig. 4B). The truncation mutants had high
%*Cu uptake despite being relatively poorly expressed (from the
same expression site in the HEK293 cells used for WT or AAA
hCTR1 proteins.). As with the HI39R mutant, K,,, and turnover
for the AAA and tr179 mutants were elevated (Fig. 5). The
estimated turnover number for the AAA mutant was 17.4 cop-
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FIGURE 4. hCTR1 C-terminal mutants and copper uptake. A, amino acid
sequence of the hCTR1 C terminus in WT and three mutants. B, **Cu uptake in
the mutants shown in A at 5 and 20 um added copper. Error bars indicate +
S.D. C, Western blot showing the relative expression level of wild type and the
mutants. 10 ng of plasma membrane protein was run in each lane. Anti-FLAG
antibody shows the ~35-kDa monomer and ~70-kDa dimer forms of over-
expressed hCTR1 (FLAG-tagged) proteins. Na,K-ATPase a-subunit was used
as a loading control.

per ions/s/trimer. In the case of tr179, we could not directly
quantitate the levels of biotinylated mutant protein with the
anti-C-terminal antibody used with other hCTR1 proteins
(because it lacks the amino acids in the immunizing peptide),
but based on relative expression levels (Fig. 4), we estimate
30—40 copper ions/transporter/s.

Metal Ion Selectivity of C-terminal Mutants—The C-termi-
nal mutants exhibit increases in the K, for copper transport,
suggesting a reduced affinity for the metal. This could conceiv-
ably also result in a change in the metal ion selectivity of hCTR1.
The selectivity has previously been investigated by adding
excess competitor metals in ®*Cu transport assays. WT hCTR1
is significantly inhibited by Ag™, but not by divalent metals (12).
We tested cells expressing WT, AAA, and tr179 hCTR1 pro-
teins for inhibition of ®*Cu transport by three metals (Fig. 6).
We found that Zn>" and Cd*>* had no significant effect on **Cu
transport, whereas Ag™ did inhibit transport. Thus, the C-ter-
minal mutants do not appear to have a relaxed selectivity for
metals.

hCTRI1 Mutants Define Separate Steps in the Copper Perme-
ation Mechanism—It was shown previously that two highly
conserved methionines in the second transmembrane domain
near the extracellular side of hCTR1 (Met-150 and Met-154)
are required for copper uptake (22). In contrast to these extra-
cellular side methionine mutations, the mutants we describe on
the intracellular side of hCTR1 have higher rates of copper
transport and a higher K, than WT protein. We used the ele-
vated transport rate phenotype of the intracellular side mutants
to test the hypothesis that the Met-150 and Met-154 mutants
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FIGURE 5. Michaelis-Menten plots of the concentration dependence of
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FIGURE 6. Inhibition of hCTR1 %*Cu uptake by competition with other
metals. HEK293 cells overexpressing WT, AAA, or tr179 hCTR1 proteins were
incubated in media containing 2 um (WT) or 10 um (AAA and tr179) copper,
trace amounts of ®*Cu, and a 10-fold excess of Zn?", Cd*", or Ag™. ®*Cu
uptake is expressed as the percentage of uptake in cells without a competitor
metal. Values are the mean of three separate experiments *+ S.D.

are essential for the first step in Cu™ permeation through the
pore. If so, mutations on the cytoplasmic side that elevate cop-
per transport should have no effect when combined with the
M150L,M154L substitutions. We made mutant combinations
that include M150L,M154L (MM) and either H139R or AAA
and compared copper uptake between cells expressing these
mutants and the “single mutants” (MM or AAA are considered
as single mutants). As previously observed (22), cells expressing
MM had greatly reduced ®*Cu uptake in comparison with WT
(Fig. 7A). The rate of copper uptake in cells expressing the dou-
ble mutants (MM + H139R or AAA) was the same as cells
expressing M150L,M154L alone (Fig. 7A.). We also measured
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FIGURE 7. Copper uptake of hCTR1 mutants. A, hCTR1 WT, MM, H139R, and
AAA and combination mutants described under “Results” were expressed in
HEK293 Flp-In™ T-REx™ cells and induced with tetracycline. *Cu uptake
assays were done in 10 um total copper. Uptake values were normalized to
cells overexpressing WT, which was set to 100%. Normalized values (“Experi-
mental Procedures”) from three independent experiments are shown = S.D.
B, hCTR1 WT, H139R, H139R AAA, and AAA mutants were assayed for **Cu
uptake exactly as in panel A.

copper uptake in cells expressing hCTR1 combination mutants
having both H139R and the AAA mutations. The double
mutant uptake was similar to either single mutant alone (Fig.
7B).

Mutants Affecting the Cytoplasmic Side of hCTRI Lack Cop-
per-dependent Endocytosis—We used the elevated rate of cop-
per uptake in cells expressing HI39R to test a model for
hCTR1-mediated copper transport in which it was proposed
that hCTR1 contains extracellular binding sites for copper,
which serve as a vehicle for copper transport after endocytosis
of the hCTR1-copper complex (26, 27), analogous to iron
uptake by the transferrin receptor (32). The model is based on
the observation that preincubation of cells in high copper con-
ditions stimulates endocytosis of hCTR1 (26, 27, 31). If endo-
cytosis is required for copper transport, then the process should
occur at an elevated rate in cells expressing H139R when com-
pared with cells expressing WT, reflecting the relative rates of
copper uptake. We preincubated cells expressing the H139R
mutant and WT hCTR1 in media containing 0, 20, or 100 um
copper for 30 min. The cells were then biotinylated, and cell
surface hCTR1 was detected by Western blot analysis using
hCTR1 C-terminal antibody (Fig. 84) and quantified as
described under “Experimental Procedures.” As a loading con-
trol, hCTR1 was normalized to the B1-subunit of Na,K-AT-
Pase. There was between 35 and 60% decrease in WT cell sur-
face hCTR1 after exposure to 20—-100 um copper (Fig. 8B), in
agreement with our previous study (31). However, there was no
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FIGURE 8. Effect of extracellular copper on cell surface hCTR1 in WT and
HEK-H139R expressing cells. A, Western blot of surface-biotinylated pro-
teins was detected using hCTR1 C-term ab or Na,K-ATPase 1 ab. B, quantifi-
cation of Western blots like that shown in A. Relative amount hCTR1 in cells
treated in high copper (gray and black bars) is given as the percentage of the
level in cells with no added copper in the media. Values are the mean of three
separate experiments = S.D.

change in cell surface level of hCTR1 in H139R mutant cells
after the addition of extracellular copper (Fig. 8B). Although the
H139R mutant has an elevated rate of copper transport, it does
not undergo detectable endocytosis. This shows that copper
transport does not occur via the endocytosis of the hCTR1-
copper complex.

Because the C-terminal mutants and H139R resulted in a
similar phenotype (increased rate and higher K, for copper
uptake, Figs. 3 and 5), we were curious about whether the AAA
and tr179 mutants also did not respond to elevated copper with
regulatory endocytosis. Even 100 uM copper pretreatment did
not result in endocytosis of the AAA and tr179 mutants. In
these same experiments, biotinylated plasma membrane WT
hCTR1 was reduced by 45-50% (Fig. 9).

We also performed confocal imaging on cells overexpressing
WT or AAA hCTR1 (FLAG-tagged) proteins treated with or
without copper (Fig. 10). As seen when comparing Fig. 10, A-C
(no added copper) with Fig. 10, D—F (incubation for 60 min with
25 uM added copper), a significant portion of the signal from
the anti-FLAG antibody detecting WT hCTR1 underwent a
clear redistribution to relatively large punctate structures
inside the cells after copper treatment (Fig. 10D, arrows), no
longer co-localized with the B-catenin membrane marker
staining. In contrast, there was no similar change in the distri-
bution of the hCTRI1 signal in cells overexpressing the AAA
mutant (Fig. 10, G-I versus J-L). Smaller, less intense puncta
(seen in some cells overexpressing hCTR1) appeared more
abundant in some AAA mutant calls treated with copper (Fig.
10/, arrow), but there was no redistribution to the large vesicles
or significant loss of signal from the membrane, as seen in the
WT cells treated with copper. Most of the hCTR1 signal in
AAA mutant cells treated with copper overlapped B-catenin
staining.
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FIGURE 9. Effect of extracellular copper on cell surface hCTR1 in WT and
C-terminal mutant expressing cells. Cells were treated with 100 um copper
for 1 h prior to being biotinylated. A, Western blots of biotinylated proteins
were probed with anti-FLAG (overexpressed hCTR1 proteins) and anti-Na,K-
ATPase B1-subunit antibodies. B, quantification of Western blots. Relative
amount hCTR1 in cells treated in high copper (black bars) is given as the
percentage of the level in cells with no added copper in the media. Values are
the mean of three separate experiments *+ S.D.
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FIGURE 10. Confocal imaging of cells treated with copper. Cells were
treated with normal media or media containing 25 um copper for 60 min prior
to fixation and staining with mouse anti-FLAG (green, detects hCTR1) and
rabbit anti-B-catenin (red, B-catenin is primarily found in membranes). In
each panel, cells were overexpressing the following: A-C, WT hCTR1, no
added copper in the media; D-F, WT hCTR1, 25 um added copper in media;
G-I, hCTR1 AAA mutant, no added copper in the media; J-L, hCTR1T AAA
mutant, 25 um added copper in media.

Elevated Copper Toxicity in Cells Expressing AAA Mutant—
Because the C-terminal mutants exhibited an increase in copper
uptake rates and failed to undergo endocytosis in response to high
copper, we considered the possibility that cells expressing these
mutants might be more sensitive to the toxic effects of copper. We
tested the sensitivity of cells expressing the WT hCTR1or the AAA
mutant for sensitivity to copper toxicity. As shown in Fig. 114, cells
overexpressing WT hCTR1 (or endogenous hCTR1 in the case of
cells not induced by tetracycline) exhibited a slight but consistent
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FIGURE 11. Metal toxicity in cells expressing WT hCTR1or AAA mutant
hCTR1 proteins. A, PrestoBlue™ fluorometric viability/proliferation assay in
HEK293 cells with or without tetracycline induction of hCTRT WT (WT) or
C-terminal AAA mutant (AAA), with indicated concentrations of CuCl, in the
media for 12 h prior to assay. 100% fluorescence is the value in arbitrary units
of cells not treated with excess copper. B, as in A, with indicated concentra-
tions of CdCl, in the media for 12 h prior to assay. Values are the mean of three
separate experiments = S.D.

decrease in viability with increasing copper in the medium. In con-
trast, overexpression of the AAA mutant resulted in a consistently
greater decrease in viability when compared with WT or unin-
duced cells. Both cell lines with or without tet induction had equiv-
alent sensitivity to cadmium, a toxic divalent metal (Fig. 11B) not
transported by hCTRI.

DISCUSSION

The experiments we report here provide new insights into
hCTR1 copper transport and its regulation. We estimated the
turnover number of hCTR1 in cultured cells (number of copper
ions transported per unit of time per trimer at saturating con-
centrations) by overexpressed and endogenous hCTR1 trans-
porters. We found that hCTR1 transports about 5-15 copper
atoms per second in saturating conditions. To our knowledge,
these are the first such estimates of the rate of copper transport
mediated by hCTR1. We further estimated that the number of
endogenous hCTR1 transporters per cell is in the hundreds.

In addition, we characterized hCTR1 mutations affecting
structural elements on the intracellular side of the trimer that
increase both K, and the turnover number of copper transport.
These mutants include H139R, located near the intracellular
side of hCTR1 in the pore-forming second transmembrane seg-
ment (10), truncations of the short cytoplasmic C-terminal tail,
and AAA substitution of the putative copper-binding motif
HCH at the C terminus of the hCTR1 polypeptide. Unlike
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methionine mutants (M150L,M154L) on the extracellular side
of hCTR1 pore that abolish copper transport (22), each of the
mutants we describe elevates the rate of transport, suggesting
that elements on the intracellular side of the transporter func-
tion to reduce the rate of transport. Finally, we showed that cells
expressing the mutants on the cytoplasmic side of hCTR1 do
not respond to elevated copper in the medium by endocytic
down-regulation of hCTR1, as do cells expressing WT hCTRI.

Turnover Numbers for Copper Transport—To date, there
have been no estimates of the rate of copper transport by
hCTR1, which has an unusual homotrimeric structure that
includes a pore formed by membrane-spanning segments from
each monomer (15, 16). Under the conditions of our assay,
overexpressed hCTR1 trimers in tet-regulated HEK293 trans-
ported 1-2 copper ions per second in standard DMEM with
10% FBS containing 2—2.5 uM added copper, corresponding to
a turnover rate of 4-5 copper atoms per second per hCTR1
trimer (assuming a K,, of 4—5 um, Table 1). Endogenous
hCTR1 in uninduced HEK293 or CaCo-2 cells had turnover
numbers of about 14 copper atoms per second, respectively, in
similar media (Table 1). It seems likely that this difference
reflects uncertainties in the quantitation of low abundance
endogenous transporters. Loss of hCTR1 during biotinylation,
purification, and gel transfer could reduce the fractional recov-
ery of endogenous hCTR1 to a greater extent than the more
abundant overexpressed protein. This would result in a lower
relative estimate of copy number, and subsequently, a higher
rate per transporter as we observed for endogenous hCTR1
transporters. In any case, the K, measured for both overex-
pressed and endogenous hCTR1 has been consistent in several
different studies in mammalian cells, between 3 and 5 uMm (Refs.
12, 31, and 23 and this work).

The estimated turnover number for endogenous or overex-
pressed hCTR1 is therefore between about 5 and 15 ions per
second (Table 1), a rate within the range of transporters in
mammalian cells (33-37). For example, the mouse GABA
transporter GAT4 has a turnover rate of about 1.5/s in frog
oocytes at 20°C, —50 mV, with an estimated physiological
turnover rate of 15-20/s, similar to the turnover we estimate for
hCTR1 (36).

The Roles of Intracellular hCTRI Residues in Copper
Permeation—Previous lines of evidence suggest that the pore
formed by hCTR1 trimers allows the permeation of Cu™ ions by
a series of ligand-exchange reactions as the metal ion passes
through rings of stabilizing methionine residues, Met-150 and
Met-154, on the extracellular side of hCTR1 (16, 38). Entry is
presumably followed by membrane permeation via coordinat-
ing steps with intra-pore residues and subsequent delivery to an
intracellular acceptor (14, 38). We characterized several
mutants on the intracellular side of hCTR1 that elevate both the
rate and the K, value of copper transport. We previously iden-
tified a transmembrane mutation (H139R) near the intracellu-
lar side of the hCTR1 that elevated both K, and V. (10) when
this mutant was expressed in insect cells (27 °C). In this work,
we found that the mutant also has an elevation of K, and turn-
over number when compared with WT when expressed in
HEK293 cells at 37 °C (Fig. 4). To date, this is the only mutation
in the pore that elevates copper transport and affects the K, of
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transport. We and others (10, 24) have speculated that the
introduction of positively charged arginine residues near the
intracellular exit site in the pore might cause distortion of the
pore and facilitate exit of Cu™ ions from the transporter.

We also investigated the role of the C-terminal tail in hCTR1
copper permeation. Our experiments suggest that the tail func-
tions in a manner that is distinctly different from that previ-
ously supposed. Replacement of the C-terminal three amino
acids (HCH to AAA) or removal of the terminal 7 or 11 amino
acids that comprise the hCTR1 C terminus resulted in a signif-
icant elevation of turnover numbers and of K,,, (Figs. 4 and 5).
The elevated rate of copper transport in the AAA mutant as
well as in truncation mutants of the hCTR1 C-terminal tail was
unexpected, given previous speculation that the HCH motif is
essential in permeation (16, 24, 38). Our results are incompat-
ible with an essential role of the terminal three amino acids
HCH in copper permeation, and instead imply that the highly
conserved C-terminal tail and HCH putative metal-binding
motif play a different role, perhaps as a plug or a valve at the exit
site, transiently halting or slowing the progress of permeation
out of the pore. This idea is supported by the observation that
truncation of the tail had caused an even greater elevation of
copper transport than the AAA mutant. Surprisingly, the
C-terminal tail mutations affected hCTR1 copper uptake in the
same manner as the H139R mutation, increasing the rate of
uptake and raising the K, (Figs. 3 and 5). Furthermore, copper
uptake in cells expressing the double mutant (H139R and AAA)
was similar to either single mutant (Fig. 7B). The lack of addi-
tivity of the double mutant implied that both mutations
affected the same function, permeation through the latter parts
of the pore.

The elevated copper uptake rates of the H139R and C-termi-
nal intracellular side mutants allowed us to test the hypothesis
that Met-150 and Met-154 are essential at an early step in trans-
port, a model supported by the mutant phenotype (22) struc-
tural/modeling data (15, 16, 21, 24, 25), and extended x-ray
absorption fine structure measurements of Cu*-bound hCTR1
(16). We constructed hCTR1 multiple mutants having MM and
either H139R or the AAA and measured copper uptake in cells
expressing WT and the various mutants and mutant combina-
tions. As seen previously, copper uptake in cells expressing the
MM mutant was severely reduced in comparison with cell
expressing WT protein (Fig. 7A). Cells expressing the multiple
mutants (MM; H139R or MM; AAA) had the same reduced
copper uptake as the M150L,M154L-expressing cells (Fig. 7A).
These data indicate separate and sequential roles of Met-150
and Met-154 and H139R/C-terminal mutants in copper trans-
port. These data also show that distortions of or changes in the
intracellular aspect of hCTR1 do not affect the role of Met-150
and Met-154. Further experiments using the intracellular side
mutants (and other related mutations) will be useful for future
detailed studies on the mechanism of permeation.

hCTRI Responsiveness to Extracellular Copper and Regula-
tory Endocytosis—Our work also demonstrated that the intra-
cellular side mutants that exhibit higher transport rates also fail
to respond to high copper in the medium via regulatory endo-
cytosis. This is inconsistent with a previously proposed mech-
anism in which copper transport occurs by extracellular copper
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binding to hCTR1, internalization of hCTR1, and internal
release of copper before recycling of the transporter to the sur-
face (31) or release following transporter degradation (26, 27).
Our demonstration that multiple mutants having markedly ele-
vated rates of copper transport do not internalize at all in
response to elevated external copper rules out any endocytosis/
degradation mechanism for hCTR1 copper transport in mam-
malian cells. Recent work on yeast Ctrl also failed to provide
evidence in support of the endocytosis and degradation path-
way in homeostatic copper acquisition (39).

The failure of the C-terminal and H139R mutants to respond
to high external copper by endocytosis adds to previous exper-
imental data about structures/residues required for the process.
Previous work showed that the N terminus does not seem to be
essential for endocytosis because mutation of histidine and
methionine clusters thought to bind copper does not inhibit
copper-stimulated endocytosis (40). In addition, loss of the first
30 amino acids of the hCTR1 N terminus also did not inhibit
endocytic down-regulation (28). On the other hand, Met-150
and Met-154, which line the extracellular opening of the pore
and are required for permeation, were shown to be required for
endocytic down-regulation of hCTR1 (40). This suggests that
either copper permeation or occupancy of the Met-150 and
Met-154 copper-binding site(s), or both, is necessary for cop-
per-stimulated endocytosis.

The loss of copper-stimulated endocytosis in the HI39R and
C-tail mutants we describe here demonstrates that both the
cytoplasmic tail portion of hCTR1 and His-139 are also essen-
tial for endocytic regulation. The mutations affect different
structural elements of hCTR1, but share an elevated rate of
copper transport and a failure to exhibit copper-stimulated
endocytosis. To explain these observations, we consider alter-
nate explanations. There could be a kinetic effect, where the
more rapidly transporting mutants traverse too rapidly through
a critical intermediate to allow interaction with the endocytic
machinery that normally occurs with WT hCTR1. There is evi-
dence that copper binding to hCTR1 changes its conformation
(17), as well as a modeling study predicting conformational
changes during transport that include a role for His-139 (24).
Alternatively, structural features that are important for inter-
action with the endocytic machinery are distorted or absent in
both types (pore and C-terminal tail, respectively) of intracel-
lular side mutants. Further investigation will be necessary to
distinguish these and other possibilities. Our newly identified
mutants that are defective in the endocytic process will be use-
ful in such studies.

Concluding Comments—Our results advance the under-
standing of the mechanism of hCTR1 transport and provide
new information about endocytic down-regulation of hCTR1
in high copper conditions. It is still largely unknown how cop-
per transits the hCTR1 pore, but our experiments with the
C-terminal tail mutants show that exit from the hCTR1 trans-
porter on the intracellular side does not require participation of
the putative HCH metal-binding motif. The increase in trans-
port rate in the tail mutants suggests that the tail and HCH
motif might instead act as a barrier, regulating or limiting the
rate of copper exit from the pore.
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There are striking parallels between our observations and
related studies on the yeast Ctr1 from Saccharomyces cerevisiae
(39). The intracellular C terminus of yeast Ctrl has about 125
amino acids, including 5 cysteine residues. This compares with
hCTR1 having a nonhomologous C terminus of only 15 amino
acids and a single cysteine. Truncation of the C-terminal tail or
substitution of the C-terminal Cys residues in yeast Ctr1 results
in cells that are more susceptible to copper toxicity as well as
having elevated copper transport rates and elevated K, of
transport when compared with WT cells. Thus, the function of
the C-terminal tails in human and yeast CTR1 copper trans-
porters appears very similar based on the effects of analogous
mutations in the two proteins. It seems likely that general
aspects of the mechanism and regulation of CTR1 copper
transport have been evolutionarily conserved utilizing different
protein sequences/structures, an idea that is supported by the
rescue of yeast Ctrl/Ctr3 mutants by hCTR1 (8). Our work,
together with studies on yeast Ctr1 (39), suggests that the CTR1
family of copper transporters comprises permeation pores
formed from homotrimers and clusters of C termini on the
cytoplasmic side of the pore that regulate the rate of copper exit
from the transporter.
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