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ABSTRACT

The mammalian copper transporter 1 (CTR1) is responsible for the uptake of copper (Cu) from the
extracellular space, and has been shown to play a major role in the initial accumulation of platinum-
based drugs. In this study we re-expressed wild type and structural variants of hCTR1 in mouse embryo
fibroblasts in which both alleles of mCTR1 had been knocked out (CTR1~/~) to examine the role of the N-
terminal extracellular domain of hCTR1 in the accumulation of cisplatin (cDDP). Deletion of either the
first 45 amino acids or just the “°MXXM*> motif in the N-terminal domain did not alter subcellular
distribution or the amount of protein in the plasma membrane but it eliminated the ability of hCTR1 to
mediate the uptake of Cu. In contrast it only partially reduced cDDP transport capacity. Neither of these
structural changes prevented cDDP from triggering the rapid degradation of hCTR1. However, they did
alter the potency of the cDDP that achieved cell entry, possibly reflecting the fact that hCTR1 may
mediate the transport of cDDP both through the pore it forms in the plasma membrane and via
endocytosis. We conclude that cDDP interacts with hCTR1 both at “°MXXM*° and at sites outside the N-

terminal domain that produce the conformational changes that trigger degradation.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Copper (Cu) is a critical element in the normal function of all
cells. Cu plays a key role in controlling not only metabolism but is
also instrumental in redox regulation and p53 activity, and may
even be involved in cellular trafficking (reviewed in [1]). Cu
homeostasis involves multiple transporters and chaperones all
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working to maintain adequate levels of intracellular Cu but at the
same time to protect the cell from the toxicity of this metal
(reviewed in [2-4]). The importance of Cu homeostasis is
evidenced by the fact that mutations that disturb the distribution
of Cu cause serious disorders such as Menkes and Wilson’s diseases
[5,6].

Copper transporter 1 (CTR1) is the major high affinity Cu influx
transporter [7] and is essential for embryonic development [8].
Human and mouse CTR1 exhibit 92% sequence homology [9]. In
both species CTR1 monomers assemble to form a homotrimeric
structure that contains a small flexible pore that allows Cu'* to
pass into the cell down a concentration gradient [10-14]. Ionic
interactions between Cu'* and methionines, histidines and
cysteines in the pore appear to determine both the selectivity of
the pore for Cu'* and the rate of transport [15]. As shown in Fig. 1,
additional clusters of methionines and histidines capable of
interacting with Cu are found in the 67 amino acid extracellular
hydrophobic N-terminal domain of CTR1. This domain contains 4
such clusters the first of which is the H1 region encompassing
residues 3-6 and containing 3 histidines. The second is the M1
region that encompasses amino acids 7-12 and includes 3
methionines. The H2 cluster encompasses 3 histidines at positions
22-24, and the M2 region contains 5 methionines clustered
together at positions 40-45. Prior studies have shown that, both in
yeast and mammalian cells, the M2 region is required for Cu
transport when environmental levels of Cu are low [16-19], but


http://dx.doi.org/10.1016/j.bcp.2010.04.030
mailto:calarson@ucsd.edu
mailto:pladamas@ucsd.edu
mailto:djandial@uci.edu
mailto:bblair2@jhmi.edu
mailto:rsafaei@ucsd.edu
mailto:showell@ucsd.edu
http://www.sciencedirect.com/science/journal/00062952
http://dx.doi.org/10.1016/j.bcp.2010.04.030

C.A. Larson et al./Biochemical Pharmacology 80 (2010) 448-454 449

Fig. 1. Schematic diagram of the amino acid sequence of hCTR1. Boxes highlight the H1, M1, H2 and M2 motifs.

when normal levels of Cu are available even truncation of the
entire N-terminus of yCTR1 does not disable its ability to transport
Cu [19].

CTR1 is of interest with respect to cancer chemotherapy
because it mediates the cellular accumulation and efficacy of cDDP
and the other platinum-containing drugs carboplatin and oxali-
platin [20-22]. Knockout of both alleles of CTR1 markedly reduces
the uptake of cDDP in both yeast and mammalian cells and renders
them resistant to the cytotoxic effects of this drug [21,23,24]. Re-
expression of wild type CTR1 in cells in which both alleles of CTR1
have been knocked out (CTR1~/~ cells) restores cDDP accumulation
and cytotoxicity both in vitro and in vivo [20]. In many types of cells
high levels of Cu trigger the degradation of CTR1, an effect capable
of limiting further Cu accumulation. cDDP likewise causes the
down-regulation of CTR1 but does so at much lower concentra-
tions and substantially more rapidly than Cu [25,26].

In the current study we examined the role of the N-terminus of
hCTR1, including the M2 region, with respect to the ability of CTR1
to control the cellular accumulation and cytotoxicity of cDDP. We
used the approach of re-expressing wild type and variant forms of
hCTR1 in mouse embryonic fibroblasts in which both alleles of
endogenous CTR1 had been deleted. We report here that loss of the
M2 cluster, either as a result of deletion of just this region or
through deletion of the entire first 45 amino acids, reduced the
ability of hCTR1 to transport cDDP into the cell but paradoxically
increased its cytotoxicity.

2. Materials and methods
2.1. Drugs and reagents

The commercial formulation of cDDP was purchased from the
Moores Cancer Center pharmacy; it contains cDDP at a concentra-
tion of 3.33 mM in 0.9% NaCl. The cDDP was diluted into DMEM-RS
Reduced Serum Media (HyClone, Logan, UT) to produce a final
concentration of 30 wM. Bradford reagent was purchased from
Bio-Rad Laboratories, Inc. (Hercules, CA) and sulforhodamine B

was obtained from Sigma-Aldrich (St. Louis, MO) and 0.4% SRB (w/
v) was solubilized in 1% (v/v) acetic acid solution. Anti-myc
primary antibody 9B11 was obtained from Cell Signaling
Technology, Inc. (Danvers, MA). Secondary anti-mouse, HRP-
conjugated antibody was obtained from GE Healthcare (Piscat-
away, NJ). Hoechst 33342 nuclear stain and secondary AlexaFluor
488-conjugated anti-mouse antibody were obtained from Invitro-
gen (Carlsbad, CA).

2.2. Cell types, culture and engineering

Mouse embryonic fibroblast cell line in which both copies of
CTR1 had been somatically knocked out (CTR1/~) was kindly
provided by Dr. Thiele [8]. The myc-CTR1~/~"T subline was
constructed by infecting the CTR1~/~ cells with a lentivirus
expressing a wild type human CTR1 cDNA, tagged with the myc-
epitope on the N-terminus of the protein, using the ViraPower
Lentiviral Induction kit (Invitrogen, Carlsbad, CA). Mutations to the
hCTR1 molecule were created using the GeneTailor Site-Directed
Mutagenesis Kit (Invitrogen, Carlsbad, CA) using the following
primers: for the myc-CTR1 /M2 deletion (residues 40-45)
(cccatggtggaggagacagcagceaccttctactttggetttaagaa, ttcttaaagecaaag-
tagaaggtgctgctgtctectccaccatggg), for the myc-CTR1 -/ -/Truncated
(deletion of residues 1-45) mutation (caccatgggcggcagggaacaaa-
aacttatttctgaagaagatctgg, cttatttctgaagaagatctgggeggeaccttctacttt-
gg, tcaatggcaatgctctgtg).

2.3. Cell survival assay

Cell survival following exposure to increasing concentrations of
drugs was assayed using the sulforhodamine B assay system [27].
The optimal number of cells seeded per well was determined to be
5000 cells in preliminary experiments. Five thousand cells were
seeded into each well of a 96-well tissue culture plate. Cells were
incubated overnight at 37 °C, 5% CO, and then exposed for 5 min by
the addition of 200 .1 Pt drug-containing DMEM-RS medium. After
5 min the drug-containing media was aspirated off, cells were
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washed once with 37 °C PBS, PBS was aspirated off and cells were
covered in 200 wl complete medium. Cells were allowed to grow
for 5d after which the media was removed, the protein was
precipitated with 50% trichloroacetic acid and stained using 100 .l
of 0.4% sulforhodamine B in 1% acetic acid at room temperature for
15 min. Following washing the absorbance of each well at 515 nm
was recorded using a Versamax Tunable Microplate Reader
(Molecular Devices, Sunnyvale, CA). All experiments were repeated
at least 3 times using 3 cultures for each drug concentration.

2.4. Immunocytochemistry

All images were analyzed using a Delta Vision Deconvolution
Microscope System utilizing a Nikon TE-200 Microscope (Applied
Precision, Inc., Issaquah, WA). Deconvolution and analysis was
done using the softWoRx software suite (Applied Precision, Inc.,
Issaquah, WA).

2.5. Measurement of cellular drug accumulation

Drug accumulation was measured by ICP-MS as previously
described [28] with the only modification being the use of 1 ml of
medium and the use of DMEM-RS instead of OptiMEM.

2.6. qRT-PCR

CTR1 mRNA levels were measured by qRT-PCR. cDNA was
generated from mRNA isolated using Trizol (Invitrogen, Carlsbad,
CA). Purified mRNA was converted to cDNA using Oligo(dT),o
priming and the SuperScript III First-Strand Kit (Invitrogen,
Carlsbad, CA). qRT-PCR was performed on a Bio-Rad MyIQ qPCR
machine (Hercules, CA). The forward and reverse primers for
hCTR1, mCTR1 and GAPDH were, respectively: gatgatgatgcctat-
gacct, tcttgagtccttcatagaac, actgttgggcaacagatget, ctgctgetactg-
caatgcag, tcaccaccatggagaagge, gctaagcagttggtggtgca. Reactions
were prepared using iQ SYBR Green Supermix (Bio-Rad, Hercules,
CA), according to manufacturer’s recommendations. Samples were
prepared in quadruplicate and at least 3 independent RNA isolates
were used in independent experiments. Analysis was done using
the Bio-Rad iQ5 system software (Hercules, CA).

2.7. Statistical analysis

All multi-group analyses were done utilizing one-way analysis
of variance testing with Tukey’s test post hoc analysis, where
p < 0.05 was determined to be statistically significant. All data is
expressed as mean + SEM values.

3. Results
3.1. Expression of hCTR1 in CTR1~/~ mouse embryo fibroblasts

Prior studies of the importance of the histidine and methionine
motifs in the N-terminal end of hCTR1 for the transport of Cu and
c¢DDP have been confounded by the presence of endogenous CTR1.
To avoid this problem, wild type and variant forms of hCTR1 were
re-expressed in mouse embryo fibroblasts in which both alleles of
mCTR1 had been knocked out (CTR1~/~ cells). qRT-PCR verified
complete absence of the expression of mCTR1 in the CTR1~/~ cell
line. Lentiviral vectors containing a blastocidin resistance marker
were constructed to express either wild type hCTR1 (CTR1~/~/WT),
avariant in which the “°MXXXM*> motif was deleted (CTR1~/~M?),
or a variant in which the first 45 amino acids were deleted (CTR1~/
—[Truncatedy ‘Neletion of the first 45 amino acids removes all of the
histidine and methionine clusters in the N-terminal domain. All 3
forms of hCTR1 contained a myc tag at the N-terminal end. Cells
were infected, selected with blastocidin and then characterized
with respect to the expression of each form of exogenous CTR1.
Fig. 2A shows that the wild type hCTR1 was re-expressed at a 30%
higher level than either of the two variants at the mRNA level as
determined by qRT-PCR. To assess the level of CTR1 protein
expression at the plasma membrane, the cell surface proteins were
biotinylated by exposure to sulfo-NHS-SS-biotin before lysis, then
recovered on streptavadin-coated beads, and subjected to western
blot analysis using an antibody to the myc tag. Fig. 2B shows that
the wild type and both variant forms of hCTR1 were correctly
localized to the plasma membrane. The CTR1~/~™2 cells expressed
plasma membrane CTR1 at a mean of 94 + 3% of than in the CTR1~/
~/WT cells and the CTR1~/-/Truncated cells expressed it at mean of
92 + 5% of than in the CTR1 /"W cells. Wild type CTR1 was detected
as a band migrating at 37 kDa corresponding to the glycosylated form
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Fig. 2. Re-expression of wild type and variants forms of myc-hCTR1 in CTR1~/~ cells. (

A) Relative mRNA levels measured by qRT-PCR. (B) Representative western blot showing

the expression of myc-tagged hCTR1. (C) Micrograph demonstrating the uniform expression of the myc-tagged hCTR1 protein (60x magnification). Panel A, CTR1~/~/WT cells;

panel B, CTR1~/~/™2 cells; panel C, CTR1~/~/Truncated ce[|s. Vertical bars, +SEM.
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of the myc-tagged monomer that has been observed in prior studies
[16,18]. The CTR1 in which the “°MXXXM*°> was deleted, referred to as
the M2 variant, also migrated at ~37 kDa and the truncated protein
migrated somewhat more rapidly consistent with its smaller size.

To further assess the subcellular distribution of the CTR1
variants, the CTR1~/~/WT CTR17/~™2 and CTR1~/-/Truncated cajfg
were examined by deconvoluting microscopy using an antibody to
the myc tag and a secondary fluorochrome-labeled anti-mouse
antibody. Fig. 2C shows that the distribution of CTR1 was similar
for all 3 forms with only a minority of the protein found at the
plasma membrane. Thus, the N-terminal domain of CTR1 does not
contain key signals required for trafficking from the ER to the Golgi
and then to the plasma membrane and internal membranous
compartments.

3.2. CTR1 regulation of Cu uptake and cytotoxicity

The basal Cu content of the CTR~/~, CTR1~/~/WT, CTR1~/-/™2 and
CTR1-/-/Truncated cells was measured by ICP-MS while the cells
were growing in complete DMEM medium that contains ~0.3 uM
Cu. Fig. 2A shows that re-expression of the wild type hCTR1
increased basal Cu content by 1.3-fold, whereas expression of the
M2 variant increased it by 1.1-fold. Of interest was the fact that
expression of the truncated variant actually decreased the basal
copper level to 43% of that in the CTR1~/~ cells. This suggests that
the truncated form of CTR1 interferes with the uptake or enhances
the efflux of Cu mediated by other transporters. The rate of Cu
uptake was determined by measuring the Cu content following
exposure of the cells to 100 wM Cu for 1 h. As shown in Fig. 2B, re-
expression of wild type hCTR1 increased Cu uptake by 2-fold
(p <0.001) while neither the M2 deletion variant nor the N-
terminal truncation variant enhanced Cu accumulation at all.
These results indicate that, even under Cu replete conditions, the
M2 component of the N-terminal domain is required for optimal
Cu accumulation. The fact that deletion just the M2 motif disabled
Cu transport to the same extent as deletion of the whole N-
terminal domain identifies this motif as essential to optimal
function of the N-terminal domain but does not exclude the
possibility that individual deletion of the M1, H1 or H2 motifs
might not have some effect.

To determine whether the differences in Cu accumulation
translated into different tolerances for the cytotoxic effect of Cu,
the growth rate of the CTR~/~, CTR1~/~/WT, CTR1~/~/M2 and CTR1~/
—[Truncated (e]]s was measured during a 96 h exposure to increasing
concentrations of Cu. As shown in Fig. 2C, the CTR1~/~/WT cells
were 1.2-fold more sensitive to Cu than the CTR1/~ cells (ICsq
37 +1 versus 46 +£2 uM; p < 0.05). In contrast, the M2 and N-
terminal truncation variants were less sensitive. The ICso for the
CTR1~/~™™2 cells was 5.2-fold higher (238 + 9 uM; p < 0.01), and that
for the CTR1~/-/Truncated cells was 6.5-fold higher (301 + 14 puM;
p < 0.001), than that of the CTR1~/~/"T cells. Thus, consistent with the
failure of the two variants to mediate as much Cu uptake as the wild
type form, the cells expressing these variants were quite resistant to
the cytotoxic effects of Cu. However, the finding that both variants
rendered cells even more resistant than the CTR1/~ cells suggests
that the variants are either disabling other Cu influx transporters or
otherwise limiting the access of Cu to key targets capable of triggering
impaired proliferation.

3.3. CTR1 regulation of cDDP uptake and cytotoxicity

To assess the effect of structurally modifying the N-terminal
end of hCTR1 on the initial transport of cDDP, the 4 cell lines were
exposed to 30 wM cDDP for 5 min, washed thoroughly and the Pt
content measured by ICP-MS. Drug accumulation was measured at
5 min because the greatest effect of hCTR1 appears to be on the

initial phase of uptake; the concentration of 30 .M was selected as
being clinically relevant to intraperitoneal therapy. As shown in
Fig. 4A, expression of wild type hCTR1 in the CTR1~/~ cells
increased the Pt content by 4.2-fold (p < 0.001). Expression of the
M2 variant increased the Pt content by 2.5-fold or 60% of the
incremental increase in Pt content produced by the wild type
hCTR1 (p < 0.001). Expression of the truncated variant produced a
very similar enhancement. The Pt content was increased 2.3-fold
or 55% of the incremental increase produced by wild type CTR1
(p < 0.001). Thus, both variant forms of hCTR1 retained substantial
although muted ability to enhance cDDP uptake despite their
inability to enhance the uptake of Cu.

Fig. 3B shows the effect of a 5 min exposure to increasing
concentrations of cDDP on the growth rate of the CTR/~, CTR1~/~/
WT CTR1/~/™2 and CTR1/-/Truncated cells during a subsequent
period of 96 h as measured by sulforhodamine B staining. As
anticipated, expression of wild type hCTR1 increased the
sensitivity of the CTR1~/~ cells by a factor of 2.2-fold, reducing
the ICso from 650 +40 to 291 + 7 uM (p < 0.001). Interestingly,
expression of either variant form of hCTR1 increased sensitivity by an
even larger degree. Expression of the M2 variant increased sensitivity
by 2.5-fold (ICsp 255 + 10 wM; p < 0.001), and expression of the
truncated variant by 3.2-fold (ICs¢ 204 &+ 8 wM; p < 0.001). Because
of the discordance between the effect of re-expressing the variant
forms of CTR1 on the cellular accumulation versus the cytotoxicity of
cDDP, these experiments were repeated a total of 6 times and were
found to be consistent across the entire set of experiments. Thus,
despite the fact that neither variant mediated cDDP accumulation as
well as the wild type CTR1, the CTR1~/~™?2 and CTR1~/~/Truncated ca|g
were less able to withstand attack by cDDP (Fig. 4).

3.4. Effect on cDDP-induced down-regulation of CTR1

One of the most striking features of the interaction between
cDDP and CTR1 in many cell types is the ability of cDDP to trigger
rapid and extensive degradation of this transporter. This has been
documented by western blotting and flow cytometric analysis, but
the most dramatic effects are observed by immunohistochemical
staining [26,29,30]. To determine whether this reaction was
mediated by interaction of cDDP with either the M2 domain or
some other component of the first 45 amino acids of the N-
terminal end of hCTR1, the CTR/~, CTR1~/~/WT, CTR1 /-2 and
CTR1-/~/Truncated calg were exposed to cDDP for 15 min, stained
with an antibody to the myc tag and examined by quantitative
deconvoluting microscopy. Although degradation can be detected
after 5 min of exposure, maximum differences were observed at
15 min. As shown in panels A and D of Fig. 5, cDDP produced a
marked decrease in immunocytochemically detectable hCTR1 in
the CTR1~/~/"T cells. As shown in panels B and E the M2 variant of
hCTR1 also showed a near complete disappearance of detectable
hCTR1. Similar results were shown in panels C and F with regard to
the truncation variant of hCTR1. These results indicate that the
methionine and histidine motifs located in the first 45 amino acids
of hCTR1 are not required for the ability of cDDP to down-regulate
hCTR1. Thus, although cDDP may interact with motifs in the N-
terminal domain, it must also bind elsewhere in the protein at a
site that triggers the degradative process.

4. Discussion

Crystallographic analysis of hCTR1 did not identify structure for
the N-terminal domain of hCTR1, but this region contains multiple
methionine and histidine motifs similar to those found in the
interior of the pore formed by trimeric hCTR1 that have been
proposed to mediate and regulate Cu influx by virtue of their ability
to chelate Cu and cDDP [13-15]. The results of the current study
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Fig. 3. Cu accumulation and cytotoxicity. A, total basal Cu; B, total Cu following 1 h exposure to 100 wM Cu; C, inhibition of growth of MEF cells during 96 h continuous
exposure to varying concentrations of Cu. (@), CTR1~/~; ([J), myc-CTR1~/~/WT; (A ), myc-CTR1~/~/™2; (), myc-CTR1~/~/Truncated Each value represents the mean of no less
than 3 independent experiments each performed with 3 separate cultures. Vertical bars, +SEM.

provide new details regarding the role of the N-terminal domain in
both Cu and cDDP accumulation. Neither the M2 motif nor the
entire first 45 amino acids appear to be important to the
intracellular distribution of hCTR1. Consistent with most prior
studies [16,19,31], when expressed at equivalent levels in the
CTR17/~ cells, there were no discernable differences in the
subcellular distribution as detected by confocal microscopy. In
addition, nearly equal amounts of the wild type and variant
proteins were found on the cell surface. Thus, differences in the
ability of the alternate forms of the protein to mediate Cu and cDDP
uptake and cytotoxicity can be confidently attributed to the
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difference structure of these proteins rather than to differential
levels of expression or subcellular distribution. Despite a prior
report to the contrary [17], the results of the current study do not
provide support for the presence of a signal essential to plasma
membrane localization in the first 45 amino acids of hCTR1.

The first finding of interest is that re-expression of the N-
terminal truncated variant further reduced the steady-state
cellular Cu level below that found in the CTR1~/~ cells when they
were grown in standard tissue culture medium containing
~0.3 WM Cu, an effect not observed with the variant missing just
the M2 motif. Cells that lack CTR1 clearly acquire Cu from their
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Fig. 4. cDDP accumulation and cytotoxicity. A, Net accumulation of Pt in MEF cells following 5 min exposure to 30 M cDDP. B, Inhibition of growth of MEF cells following
5 min exposure to varying concentrations of cDDP. (@), CTR1~/~; ({1), myc-CTR1~/~/WT; (A), myc-CTR1/~™2; (w), myc-CTR1~/~/Truncated _A[| yalues represent means of 6

independent experiments each containing triplicate cultures. Vertical lines, +SEM.
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Fig. 5. Micrographs of MEF cells expressing hCTR1. All panels are 20x. Panels A-C, no treatment; panels D-F, cells exposed to 30 M CDDP treatment for 15 min prior to fixing.
Panels A and D, CTR1~/~/WT cells; panels B and E, CTR1~/~/M? cells; panels C and F, CTR1~/~/Truncated ce|s,

environment via other transporters, likely including the second
mammalian Cu transporter CTR2 [32]. One possibility is that the
function of these other transporters is impaired by interaction with
truncated CTR1. Alternatively, the N-terminal domain of CTR1 may
be required to prevent rapid efflux of Cu, a possibility given support
by our previously reported finding that knockout of mCTR1 results
in a large increase in the initial efflux of cDDP [33].

Prior studies performed with mutant forms of CTR1 expressed
in yeast and insect cells suggested that the M2 motif in the N-
terminal domain was required for uptake of Cu when environ-
mental Cu was low, but that the M2 motif, and indeed the entire N-
terminal domain, was dispensable when Cu was abundant
[16,19,31]. However, we found that, whereas re-expression of
wild type hCTR1 in the CTR1~/~ cells enhanced Cu uptake, hCTR1
containing a deletion of either the M2 motif or the first 45 amino
acids N-terminal was ineffective. In addition, whereas re-expres-
sion of wild type hCTR1 enhanced the cytotoxicity of Cu, the M2
and N-terminal deletion variants actually rendered the CTR1 "/~
cells significantly more resistant to Cu. Liang et al. [17] also found
that deletion of the first 45 amino acids obviated the ability of
hCTR1 to enhance Cu uptake and rendered the cells resistant the
cytotoxic effect of Cu and ascribed this to a transdominant effect of
the exogenously expressed mutant hCTR1 on endogenous hCTR1.
However, since the CTR1/~ cells contain no endogenous CTR1
another explanation must be sought. Although CTR1 has been
characterized as a Cu influx transporter, these data are actually
more consistent with the concept that hCTR1 functions to retain Cu
in the cell, and that the M2 motif and N-terminal domain is
important to this function. Both the inability of the M2 and N-
terminal truncation variants to enhance Cu accumulation, and the
enhanced resistance to Cu, may be a result of enhanced efflux. The
finding that deletion of just the M2 motif produced the same
impairment of Cu uptake as deletion of the entire N-terminal
domain is consistent with prior studies indicating the much
greater importance of the M2 motif than the other histidine and
methionine-rich motifs in the N-terminal domain with respect to
Cu uptake [16,19,31].

The results of the current study establish that the N-terminal
domain is important but not essential to the ability of hCTR1 to
mediate cDDP uptake. A recent study by Liang et al. [17] also
showed that the M2 motif is important for cDDP uptake in small
cell lung cancer cells. Truncation of entire N-terminal domain

removes N15 glycosylation site whereas deletion of just the M2
motif does not; glycosylation at this site is not a determinant of Cu
uptake [17,18] and the similar effect of these changes on cDDP
uptake indicates that it is also not a key determinant of cDDP
uptake by hCTR1.

While there are some parallels between the effect of deleting
the M2 motif and the entire N-terminal domain on Cu and cDDP
uptake, there are also some clear differences. As for Cu, re-
expression of wild type hCTR1 enhanced the initial uptake of cDDP;
in fact the magnitude of the effect was substantially larger for cDODP
than for Cu. This interesting in light of prior studies showing that
small changes in the sensitivity of cells to Cu are associated with
substantially larger changes in sensitivity to cDDP [34]. However,
whereas the variant forms of hCTR1 failed to enhance the
accumulation of Cu and actually rendered the CTR1/~ cells
resistant to Cu, both variants were still partially effective in
enhancing cDDP uptake and rendered the cells more rather than
less sensitive to the cytotoxic effect of cDDP. The former
observation is consistent with the concept that, as for Cu, the
M2 motif is involved in chelating cDDP during the transport
process. Conversion in yCTR1 of the methionine corresponding to
M45 in hCTR1 to alanine has previously been reported to block
cDDP uptake in yeast [35], and conversion of either M43 or M45 to
glutamine in hCTR1 has the same effect [17]. A recently proposed
model suggests that, when assembled as a trimer, these motifs
form a set of stacked rings of methionines and histidines that
loosely chelate cDDP and pass it sequentially through the pore [13-
15]. Such a set of transchelation reactions has the potential to
provide a path through the plasma membrane that is highly
selective for metals that form weak bonds with methionine. There
is now evidence supporting the concept that cDDP does in fact bind
to hCTR1. Incubation of cDDP with cells increases the fraction of
hCTR1 that is found in the trimeric rather than monomeric state
[16,17]. In addition, cDDP binds to a peptide containing the first 20
amino acids of hCTR1 that includes the H1 and M1 motifs [36], and
to an peptides with similar methionine motifs [37,38] as well as to
the CXXC motif in ATOX1 [39], although it remains unclear
whether the kinetics of binding are consistent with a role for the
interaction in the relatively rapid process of cDDP uptake. Both the
binding of DDP to the N-terminal domain and the multimerization
of CTR1 occur only after prolonged periods of incubation at
concentrations of DDP that are far higher than those found in
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patient plasma and the relevance of these reactions to the
regulation of DDP transport is not currently apparent.

The results of the current study provide clear evidence that
none of the motifs in the first 45 amino acids of hCTR1 are required
for cDDP-induced degradation of hCTR1. Thus, in addition to
interacting with the N-terminal domain, cDDP must be binding at
another site in hCTR1. Chelation by the rings of methionines
putatively contributed by M40 and M45 is a strong candidate for
the mechanism by which conformational changes that trigger
endocytosis and degradation are initiated [13-15].

The M2 and N-terminal deletion variants were less effective
than the wild type hCTR1 at enhancing the initial influx of cDDP,
but curiously produced a greater enhancement of the cytotoxic
effect of cDDP. Thus, per unit of cDDP take up by the CTR1~/~/M2
and CTR1-/-/Truncated celfg there was a greater degree of cell kill.
While we have argued the case for movement of cDDP through the
plasma membrane pore created by trimeric hCTR1 [15], there
remains the possibility that hCTR1 also delivers cDDP bound to the
N-terminal domain into cells by endocytosis and that deletion of
M2 motif or the N-terminal domain alters the ratio of drug entering
by the two routes. Loss of the histidine and methionine-rich N-
terminal domain might be expected to favor entry of cDDP via the
pore. Since such entry would deliver cDDP directly into the
cytoplasm, whereas entry by endocytosis leaves cDDP still inside a
vesicular structure, we speculate that drug entering via the pore
might be more potent. It is of interest that it has been noted
previously that there are quite large differences among cell lines in
the fraction of the amount of cellular oxaplatin that actually
reaches critical targets such as DNA [40], a feature that may reflect
differences in the route of entry.
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