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Abstract

Human copper transporter 1 (hCTR1) is the high-affinity copper influx transporter in mammalian

cells that also mediates the influx of cisplatin. Loss of hCTR1 expression has been implicated in

the development of resistance to this cancer chemotherapeutic agent. It has turned out to be very

difficult to develop antibodies to hCTR1 and polyclonal antibodies produced by different

laboratories have yielded conflicting results. We have characterized a newly-available rabbit

monoclonal antibody that reacts with an epitope on the N-terminal end of hCTR1 that now permits

rigorous identification and quantification of hCTR1 using Western blot analysis. Postnuclear

membrane (PNM) preparations made from cells engineered to express high levels of myc-tagged

hCTR1, and cells in which the expression of hCTR1 was knocked down, were used to characterize

the antibody. The identity of the bands detected was confirmed by immunoprecipitation, surface

biotinylation and deglycosylation of myc-tagged hCTR1. Despite the specificity expected of a

monoclonal antibody, the anti-hCTR1 detected a variety of bands in whole cell lysates (WCL),

which made it difficult to quantify hCTR1. This problem was overcome by isolating post-nuclear

membranes and using these for further analysis. Three bands were identified using this antibody in

PNM preparations that migrated at 28, 33–35 and 62–64 kDa. Multiple lines of evidence presented

here suggest that the 33–35 and 62–64 kDa bands are hCTR1 whereas the 28 kDa band is a cross-

reacting protein of unknown identify. The 33–35 kDa band is consistent with the expected MW of

the glycosylated hCTR1 monomer. This analysis now permits rigorous identification and

quantification of hCTR1.
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Introduction

Copper is an essential micronutrient important for many cellular processes including cell

signaling, metabolism and embryologic development (1, 2) . Maintaining copper

homeostasis is a critical cellular function that is mediated by evolutionarily-conserved

copper transporters and chaperones. One of the most important of these is human copper

transporter 1 (hCTR1) which is the high-affinity transporter responsible for most of the

copper uptake into the cell (3). Along with copper, hCTR1 also appears to transport the

platinum-containing chemotherapeutic agents, and loss of hCTR1 expression has been

implicated in the development of resistance to the platinum-containing drugs (4–6). The

expression of hCTR1 may serve as a biomarker of platinum drug sensitivity (7, 8).

Moreover, attempts have been made to manipulate hCTR1 cell surface expression to

overcome resistance to platinum-based chemotherapy (9–12). For these reasons, being able

to accurately identify and quantify changes in hCTR1 expression has become important to

further our understanding of both copper biology and chemotherapy resistance.

It has proven very difficult to develop high-quality polyclonal antibodies capable of

rigorously identifying and quantifying hCTR1 expression in mammalian cells. This has

resulted in problems in reproducing results from one laboratory to another leading to

confusion in the literature. The calculated molecular weight of the hCTR1 monomer is 21

kDa; however, it has generally been detected with different polyclonal antibodies as a smear

around 35 kDa (13–15). This is consistent with the observation that hCTR1 is modified with

both N- and O-linked sugars in its N-terminal region (14, 16). hCTR1 appears to exist as a

trimer when fully assembled in membranes (17). hCTR1 is found on both the plasma

membrane and a variety of internal membranes, and the relative distribution of cell surface

to intracellular hCTR1 is highly variable among cell lines (6). hCTR1’s membrane

expression, glycosylation, tendency to exist in multimeric forms and low level expression in

many cell types has further complicated its identification and quantification by Western blot

analysis. While a number of studies using polyclonal antibodies have been published (18–

22), it is not clear that the antibodies were really detecting hCTR1 and this has been a major

problem in the field. We present here the characterization of a new and commercially-

available rabbit monoclonal antibody that detects an epitope in the N-terminal part of

hCTR1 that now permits rigorous identification of hCTR1 in human cells.

Materials and Methods

Antibodies and Reagents

Primary antibodies used included a rabbit monoclonal anti-hCTR1 antibody (Epitomics

catalog # 5773–1/Abcam catalog # AB129067), mouse monoclonal anti-myc antibody from

Cell Signaling (Danvers, MA) and a mouse monoclonal anti-human transferrin receptor

from Invitrogen (Carlsbad, CA). The rabbit monoclonal anti-hCTR1 antibody from

Epitomics recognizes amino acids 1–30 of the hCTR1 N-terminal. All primary antibodies

were used at a dilution of 1:1000; gels were blocked by incubation with 5 % powdered milk,

0.1 % Tween-20. Secondary antibodies consisted of goat anti-rabbit (LI-COR Biosciences;

Lincoln, NE) and goat anti-mouse (LI-COR Biosciences; Lincoln, NE). All secondary

antibodies were incubated with 5% powdered milk, 0.1% Tween-20 and 0.02% SDS.
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Copper sulfate was obtained from Sigma-Aldrich (St. Louis, MO) and cisplatin (cDDP) was

obtained from Teva Parenteral Medicines, Inc (Irvine, CA). Blastocidin and puromycin were

both obtained from Thermo Fisher Scientific (Waltham, MA).

Cell Culture

A2780 and A2780/myc-hCTR1 ovarian cancer cells were cultured in RPMI 1640 medium

(HyClone; Logan, Utah) supplemented with 10% fetal bovine serum (HyClone; Logan,

Utah) and 100 U/mL penicillin/100 μg/mL streptomycin (HyClone; Logan, Utah).

HEK293T/myc-CTR1 cells were cultured in Dulbecco’s minimal essential media - High

Glucose (DMEM, HyClone; Logan, Utah) supplemented with 10 % fetal bovine serum, 2

mM L-glutamine (HyClone; Logan, Utah), 1 mM sodium pyruvate (Corning; Manassas,

VA), and 100 U/mL penicillin/100 μg/mL streptomycin. The A2780 ovarian cancer cell line

was obtained from Dr. Thomas Hamilton at the Fox Chase Cancer Center and the HEK293T

cells were obtained from the American Type Culture Collection.

The wild-type myc-tagged hCTR1 was constructed in the vector pENTR/D-TOPO and then

transferred to the pLenti6/V5-DEST by LR reaction as previously described (23). The myc-

CTR1WT lentiviral particles were produced in HEK293T cells using the ViraPower™

packaging kit (Invitrogen; Carlsbad, CA) and then transduced into the HEK293T and A2780

cells under 8 μg/mL and 10 μg/mL blastocidin selection, respectively. All cells were grown

at 37 ºC in 5 % CO2.

hCTR1 was knocked-down using lentiviral-based short-hairpin RNA transduction. The

lentiviral particles were obtained from Sigma-Aldrich (CTR1 shRNA Clone ID#

TRCN0000043348). Cells were transduced at a ratio of 10 transducing lentiviral particles

per cell after reaching 50–80% confluency. After overnight incubation, the viral particle-

containing media was removed and the cells were cultured in selection media (10 μg/mL

puromycin) for two weeks and were subsequently maintained in 2 μg/mL puromycin. The

efficiency of knock down was then confirmed via Western blot and qRT-PCR using

GAPDH as an internal control as previously reported (24).

Postnuclear Membrane Isolation

Cells were grown to 80–90% confluency, scraped into suspension and pelleted by

centrifugation at 1,000 x g for 10 minutes at 4 ºC. The pellet was resuspended in 750 μL of

ice-cold homogenizing buffer (250 mM sucrose, 10 mM Tris HCl, pH 7.4 and 2 mM EDTA)

containing a protease inhibitor cocktail tablet (Roche complete; Indianapolis, IN), and

dounced 40 times using a homogenizer plunger. The suspension was then sucked through a

28 gauge needle and gently expelled thrice. The cellular debris was pelleted by

centrifugation at 1,000 x g for 10 minutes at 4 ºC and the supernatant was then transferred to

a ½ x 2 inch polyallomer centrifuge tube (Beckman Coulter; Brea, CA) and centrifuged at

135,000 x g for 30 minutes in a Beckman Optima™ TL ultracentrifuge using a Beckman

TLA 100.3 fixed-angle rotor. The post-nuclear membrane (PNM) pellet was then re-

suspended in 80 μL of ice-cold homogenizing buffer, the protein concentration was

determined by the DC™ Protein assay (Bio-Rad; Hercules, CA) the sample was stored at

−80 ºC.
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Thirty μg of protein was added per well when using PNM preparations. Laemmli’s 2x

sample buffer (125 mM Tris HCl, pH 6.8, 2 mM EDTA, 6 % SDS, 20 % glycerol and 0.25

% bromophenol blue) with fresh 5 % β-mercaptoethanol was added to the sample and

allowed to sit at room temperature for 30 minutes. The sample was then separated on a 4–

15% Criterion™ TGX™ precast gel (Bio-Rad; Hercules, CA). The gel was then transferred

to an Immobilon-FL transfer membrane (Millipore; Billerica, MA) and then blocked using

5% powdered milk and tris-buffered saline (TBS) for one h. Membranes were then

incubated with primary antibody at least overnight and washed in TBS, 0.1% Tween-20,

thrice. Following washing, membranes were incubated with secondary antibody for one h

followed by washing thrice with TBS, 0.1 % Tween-20. The membrane was then analyzed

using the Li-Cor Odyssey Infrared Imaging System (Li-Cor Biosciences; Lincoln, NE).

Whole Cell Lysis

Cells were grown until 80–90% confluent, washed with once with PBS, trypsinized and

pelleted by centrifugation at 1,500 x g. RIPA buffer containing 50 mM Tris, 150 mM NaCl,

0.1 % SDS, 0.5 % sodium deoxycholate, 1 % Triton X-100 and supplemented with the

protease and phosphatase inhibitor cocktail (Thermo Scientific; Logan, UT) was then added

to the cell pellet which was re-suspended and centrifuged at 10,000 x g for 10 min to remove

insoluble cellular debris. The protein concentration of the supernatant was then determined

by DC™ Protein Assay (Bio-Rad; Hercules, CA).

Biotinylation of Plasma Membrane Proteins

Assay of cell surface levels of hCTR1 in HEK293T/myc-CTR1 and A2780/myc-CTR1 was

performed with and without exposure to 100 μM copper sulfate for 30 minutes using the

Cell Surface Protein Isolation kit (Thermo Scientific; Rockford, IL). Cells grown to 80–90%

confluence in a 145 mm plate were biotinylated, lysed and cell surface proteins isolated and

eluted according to the manufacturer’s instructions. The eluted proteins were subjected to

Western blot analysis with anti-CTR1 and anti-myc antibodies with anti-transferrin receptor

used as a loading control.

Immunoprecipitation (IP) of Myc-tagged hCTR1

PNM preparations were resuspended in 0.1 M phosphate, pH 7.2, 150 mM NaCl, 5 mM

dithiothreitol and 1 % n-dodecyl-β-D-maltoside for 1 hour at room temperature. The

supernates were diluted into IP buffer (50 mM phosphate, pH 7.2, 200 mM NaCl, 2.5 mM

dithiothreitol, and 0.5 % n-dodecyl-β-D-maltoside) after which they were precleared with

protein A/G plus agarose beads (Thermo Scientific; Rockford, IL) and then centrifuged at

1,200 x g for 5 minutes. Anti-CTR1 antibody was added to precleared supernatant at 1/100

and rotated at 4 ºC for 60 minutes, after which 10 μL of protein A/G plus agarose beads

were added, and the mixture was rotated overnight at 4 ºC. The beads were then washed 5

times in IP buffer and bound proteins were eluted at 37 ºC with 2X sample buffer (125 mM

Tris, pH 6.8, 2 mM EDTA, 6 % SDS, 20 % glycerol, 0.25 % bromophenol blue and 5 % β-

mercaptoethanol). Myc-CTR1 was immunoprecipitated with the ProFound™ c-Myc Tag

IP/Co-IP Kit (Thermo Scientific, Rockford, IL). The beads on which the proteins were

captured were washed with 0.5 mL TBS with 0.05 % Tween-20 thrice and the bound

proteins were eluted at 37 ºC with 2X sample buffer.
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Protein Deglycosylation

PNGase F and total protein deglycosylation kits (New England Biolabs; Ipswich, MA) were

used to removed sugars from hCTR1 in PNM preparations. To remove N-linked sugars with

PNGase F, glycoprotein denaturing buffer was added to 30 μg of protein sample and allowed

to incubate at room temperature for 20 min. G7 reaction buffer and 10% NP40 buffer were

then added and incubated at room temperature for 5 min. PNGase F was added and

incubated at 37 ºC for 1 h followed by addition of 2X sample buffer and Western blot

analysis. The Total Protein Deglycosylation kit was used remove both N-linked and O-

linked sugars using the same procedure with substitution of the deglycosylation enzyme mix

for the PNGase.

CCK8 assay of cell survival

The sensitivity of HEK293T/myc-EV and HEK293T/myc-CTR1 cells to a 96 h exposure to

increasing concentrations of cDDP was determined using the CCK8 assay (Cell Counting

Kit-8, CCK-8; Dojindo Molecular Technologies, Rockville, MD) as previously reported (25)

Statistical Analysis

Tests for statistical significance were performed using the t test function in Microsoft Excel.

Group means were compared using Student’s t-test and presented as mean ± SEM. A p

value of < 0.05 was considered as statistically significant.

Results

Characterization of hCTR1 by Western Blot

Human embryonal kidney HEK293T and human ovarian carcinoma A2780 cells were

selected for use in these studies as the expression of hCTR1 with polyclonal antibodies has

previously been reported (13–15, 26–31) . Using the monoclonal anti-hCTR1, multiple

bands were observed in whole cell lysates (WCL) from the HEK293T and A2780 cells.

Most of these bands were faint, but a sharp band at 28 kDa was consistently present and was

one of the most intense bands on the blots. At the expected molecular weight of the

glycosylated hCTR1 monomer (33–35 kDa), only a faint band was identified using WCLs.

Using postnuclear membranes (PNM), three bands were consistently identified that migrated

at 28, 33–35 and 62–64 kDa (Figure 1). The 33–35 and 62–64 kDa bands were relatively

more intense and sharply-defined in the PNMs than in the WCLs and the 28 kDa band was

substantially less prominent suggesting that much of this protein was cytosolic or nuclear.

To assist in positive identification of hCTR1, the HEK293T and A2780 cells were

molecularly engineered to express hCTR1 containing a myc tag at its N-terminal end. Over-

expression of hCTR1 in these two cell lines consistently intensified the 33–35 and 62–64

kDa bands found in PNM but did not have a similar effect on the 28 kDa band when using

an anti-transferrin receptor (TR) antibody as a lane loading control (Figure 2). A 6.5-fold

and 2.4-fold increase in hCTR1 was obtained in the HEK293T/myc-CTR1 and A2780/myc-

CTR1 cell lines, respectively, whereas there was only a 1.3-fold and 0.7-fold change in the

28 kDa band in the PMN of the HEK293T/myc-CTR1 and A2780/myc-CTR1 cell lines,

respectively. In HEK293T cells expressing only the empty vector (HEK293T/myc-EV), the
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average CTR1/TR intensity ratio was 0.04 ± 0.01 while the average CTR1/TR intensity ratio

in the HEK293T/myc-CTR1 cells was 0.26 ± 0.07 (p = 0.03; Figures 2A and B). In the

HEK293T/myc-EV cells, the average 28 kDa band/TR intensity ratio was 0.03 ± 0.01 while

the average 28 kDa band/TR intensity ratio in the HEK293T/myc-CTR1 cells was 0.04 ±

0.003 (p = 0.15, Figure 2C). Moreover, in the A2780 cell line, the average CTR1/TR

intensity ratio was 0.12 ± 0.01 while the ratio in the A2780/myc-CTR1 cells was 0.28 ± 0.02

(p = 0.03; Figure 2D and E). In the A2780 cells, the average 28 kDa band/TR intensity ratio

was 3.00 ± 1.03 while the ratio in the A2780/myc-CTR1 cells was 2.20 ± 0.86 (p = 0.58,

Figure 2F) indicating no significant change. These results provide one line of evidence that

the 32–34 and 62–64 kDa bands are truly hCTR1 whereas the 28 kDa band is not.

To further confirm band identity, the expression of hCTR1 was constitutively knocked down

in the A2780 cells (Figure 3A) and the CTR1 mRNA was quantified by qRT-PCR. As

shown in Figure 3B, the A2780/CTR1KD348 cells were found to express only 44 ± 6.2% (p

= 0.021) as much as CTR1 mRNA as the control A2780/SCRKD cells, indicating 56%

reduction in hCTR1 mRNA level. As shown in Figure 3C, a 60% reduction in hCTR1

protein expression was attained for both the 33–35 and 62–64 kDa bands. In 3 independent

experiments, the average CTR1/TR intensity ratio in the A2780 cells was 0.25 ± 0.05 while

the average ratio in the A2780/CTR1KD348 cells was 0.10 ± 0.03 (p = 0.04). The average

28 kDa band/TR intensity ratio in the A2780 cells was 0.16 ± 0.07 while the average ratio in

the A2780/CTR1KD348 cells was 0.10 ± 0.05 (p = 0.47, Figure 3D) indicating no

significant change. These results provide a second line of evidence that the 32–34 and 62–64

kDa bands are CTR1.

hCTR1 contains both N-linked and O-linked sugars in its N-terminal domain. Removal of

the N-linked sugars is expected to decrease the molecular weight of hCTR1 by

approximately 7–8 kDa whereas removal of the O-linked sugar reduces the MW by only 1–2

kDa. Figure 4 shows that when the PNM isolated from the HEK293T/myc-CTR1 cells were

deglycosylated with enzymes that removed just the N-linked, or both the N-linked and O-

linked sugars, both the 62–64 kDa and 33–35 kDa bands shifted to lower MW consistent

with the conclusion that they represent hCTR1 as has been previously reported (14). This

provides a third line of evidence indicating that these two bands are actually hCTR1. The 28

kDa band did not shift in MW following treatment with deglycosylating enzymes.

hCTR1 Immunoprecipitation

hCTR1 was immunoprecipitated from PNMs prepared from the HEK293T/myc-CTR1 cell

line using either an anti-myc antibody or the anti-hCTR1 monoclonal antibody coupled to

agarose beads. As shown in Figure 5, both antibodies were able to enrich the 33–35 and 62–

64 kDa bands. The 28 kDa band was not enriched in the immunoprecipitates produced with

either antibody. The 28 kDa band was observed in the flow-through of both the immobilized

anti-myc and anti-CTR1 antibodies when the flow through was probed with the anti-CTR1

antibody indicating that it failed to be captured by either antibody. Consistent with this

conclusion, the 28 kDa band was not detected in the flow-through when it was probed with

the anti-myc antibody indicating that this protein does not contain a myc tag. Thus, although

the anti-hCTR1 monoclonal antibody detects the 28 kDa band in PNM preparations on
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Western blot analysis, it failed to immunoprecipitate this protein. These results provide a

fourth line of evidence that the 33–35 and 62–64 kDa bands are hCTR1.

Two other bands of 19 and 23 kDa that were not observed in PNM preparations of either the

HEK293T/myc-EV or the HEK293T/myc-CTR1 cells were found to be enriched in the

immunoprecipitates from the HEK293T/myc-CTR1 cells. Enrichment was produced by

immunoprecipitation with either the anti-myc or the anti-hCTR1 antibody, and these bands

were detected in these immunoprecipitates when they were probed with either antibody

indicating that they contained both the hCTR1 epitope and the myc tag. These bands appear

to be truncated forms of myc-CTR1.

hCTR1 Biotinylation

To determine what forms of hCTR1 on the plasma membrane were detected by the anti-

hCTR1 antibody, the surface proteins of the HEK293T/myc-CTR1 and A2780/myc-CTR1

cells were biotinylated with a reagent that was not cell permeable and the biotinylated

proteins were captured on streptavidin beads. As shown in Figure 6, when the biotinylated

proteins were subjected to Western blot analysis only the 33–35 and 62–64 kDa bands were

identified using the anti-CTR1 antibody. The 28 kDa band was not observed in either cell

line. When the cells were treated with 100 μM copper sulfate for 30 minutes, both the 33–35

and 62–64 kDa bands decreased in intensity. This effect was consistent in both cell lines

studied.

Technical Considerations

The 62–64 kDa band was further characterized by varying the amount of reducing agent

added to the sample buffer prior to gel loading. When fresh β-mercaptoethanol or

dithiothreitol was not added to the 2X sample buffer immediately prior to mixing with the

protein sample, the band observed at 62–64 kDa was more predominant than the hCTR1

monomer at 33–35 kDa. As the amount of reducing agent added to the sample buffer was

increased, the 62–64 kDa band decreased in intensity whereas the 33–35 kDa band became

more predominant (Supplemental Figure 1A and B); there was no effect on the 28 kDa band.

Furthermore, the ability to identify hCTR1 was improved by not boiling the protein sample

after the sample buffer was added and prior to gel loading. As shown in Supplemental

Figure 1C, boiling the PNM sample prior to gel loading reduced the intensity of the 33–35

kDa band with no effect on the 28 kDa band.

hCTR1 effect on the cDDP sensitivity of HEK cells

The level of expression of hCTR1 regulates sensitivity to the cytotoxic effect of cDDP in

several other cell types (reviewed in (6)). However, HEK cells are derived from the renal

epithelium whose transporter systems, including the expression of organic cationic

transporters known to transport cDDP (32, 33) are quite different from most tumor cells. To

determine whether forced expression of CTR1 in the HEK cells modulates cDDP sensitivity,

survival as a function of cDDP concentration was determined for both the HEK293T/myc-

EV and HEK293T/myc-CTR1 cells. Figure 7A shows that forced expression of hCTR1

increased cDDP sensitivity by 2.5-fold when the cells were exposed for 96 h; the IC50 for

the HEK293T/myc-EV cells was 3.8 ± 0.2 um whereas it was 1.5 ± 0.2 for the HEK293T/
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myc-CTR1 cells (N = 3, p = 0.00067). Thus, the effect of hCTR1 was predominant over

other influx transport mechanisms potentially present in these cells.

Down-regulation of hCTR1 by cDDP

Documentation of the ability of the Epitomics monoclonal antibody to detect hCTR1 in

PNM preparations allowed us to address the question of whether cDDP triggers the down-

regulation of hCTR1; we sought to determine the effect of cDDP on hCTR1 expression in

the HEK293T/myc-CTR1 cells and used exposure to Cu as a control. cDDP has previously

been reported to trigger the down-regulation of CTR1 in some types of cells (27) but not in

others (30, 34). These prior studies were done with 3 different polyclonal antibodies; one of

these has been exhausted and the other two of which are not widely available. As shown in

Figure 7B, exposure of the HEK293T/myc-CTR1 cells to 100 μM Cu for 30 min reduced the

ratio of CTR1 to transferrin receptor in PNM preparations by 56% from 1.20 ± 0.14 to 0.67

± 0.11 (p = 0.025, N = 5). Exposure of the cells to 30 μM cDDP for 1 h, at which time all

cells were still viable, reduced the ratio of CTR1 to transferrin receptor by 65% to 0.54 ±

0.06 (p = 0.008, N = 5). Thus, as we previously reported using a polyclonal antibody to

hCTR1 and ovarian carcinoma cells (27), cDDP triggers the loss of hCTR1 from the

postnuclear membrane fraction in HEK293Tcells as well.

Discussion

hCTR1 is important for both the copper homeostasis and cancer chemotherapy but its

characterization and expression has been impeded by the lack of specific antibodies. For

unknown reasons it has been difficult to produce highly specific antibodies to this

transporter. Those antibodies that have been produced detect multiple bands on Western

blots making interpretation and quantification difficult. Reproducibility has been poor and

the problem is further compounded by the relative lack of abundance of hCTR1 in whole

cell lysates, glycosylation of the protein, multimer stability and the presence of degradation

fragments. These difficulties prompted us to undertake a thorough characterization of the

new rabbit monoclonal anti-hCTR1 antibody commercially available from Epitomics.

When whole cell lysates were studied, multiple bands were observed and only a faint, ill-

defined band was detected at the expected molecular weight of the glycosylated hCTR1

monomer at 33–35 kDa. Much cleaner Western blots were obtained when starting with

partially-purified postnuclear membranes, and major bands were observed at 28, 33–35, and

62–64 kDa. Five lines of evidence indicate that the 33–35 and 62–64 kDa bands are genuine

hCTR1 but that the 28 kDa band is not. First, forced expression of myc-CTR1 in both the

HEK293T and A2780 cells increased the intensity of both the 33–35 and 62–64 kDa bands,

and these same bands were detected using both the anti-hCTR1 and anti-myc antibodies

consistent with the expected presence of the myc tag in the exogenously-expressed protein.

The intensity of the 28 kDa band did not change, and the anti-myc antibody failed to detect

this band. Second, constitutive knockdown of hCTR1 in the A2780 cells reduced the

intensity of both the 33–35 and 62–64 kDa bands, but did not affect the intensity of the 28

kDa band. Third, treatment of the PNM preparations with deglycosylating enzymes

produced a shift in the MW of both the 33–35 and 62–64 kDa bands but failed to shift the 28
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kDa band. It has previously been demonstrated that hCTR1 is N-linked glycosylated at

Asn-15 and O-linked glycosylated at Thr-27, with the N-linked sugars contributing 7–8 kDa

in MW and the O-linked sugars 1–2 kDa (14, 16). Deglycosylation resulted in the expected

shift in the MW of both the 33–35 and 62–64 kDa bands. Fourth, the 33–35 and 62–64 kDa

bands were detected in immunoprecipitates prepared with both the anti-CTR1 and anti-myc

antibodies whereas the 28 kDa band was not. Finally, fifth, whereas the 33–35 and 62–64

kDa bands were detected in preparations of biotinylated plasma membrane proteins, the 28

kDa band was not. Additionally, whereas the 33–35 and 62–64 kDa bands had the fuzzy

quality characteristic of glycosylated membrane proteins, the 28 kDa band appeared much

more discrete in all of the types of preparations analyzed.

The anti-hCTR1 monoclonal antibody was not useful for detecting hCTR1 in WCL

preparations, but was able to detect hCTR1 in PNM preparations and in preparations of

biotinylated plasma membrane proteins. It was also able to immunoprecipitate hCTR1. We

have not conducted any studies of its ability to detect hCTR1 by immunocytochemical

analysis. The exact epitope to which the anti-CTR1 antibody binds has not been determined.

However, the observation that the antibody was able to detect hCTR1 following

deglycosylation suggests that it is not a sugar-related epitope. The identity of the cross-

reacting protein that migrates at 28 kDa is not known, but it appears to be largely

cytoplasmic or nuclear as it was easily detected in WCL but much less apparent in PNM

preparations. Despite the fact that it presumably contains the same epitope, the 28 kDa

protein was not immunoprecipitated by the anti-hCTR1 antibody.

The size of the 33–35 kDa band is consistent with the fully glycosylated hCTR1 monomer,

but the identity of the 62–64 kDa band is less certain. Higher MW bands similar to the 62–

64 kDa have been observed in previous studies using anti-hCTR1 antibodies and reported to

be a dimer (35, 36). However, if it is a dimer, it is not apparent why the trimeric form of

hCTR1 was also not detected. The stability of this higher MW hCTR1 multimer under

denaturing conditions has also been observed by other laboratories (36–38). The observation

that the intensity of the 62–64 kDa band decreased and that of the 33–35 kDa band increased

as the concentration of reducing agent was increased suggests that the 62–64 kDa band is

formed from the hCTR1 monomer by oxidation.

To optimally visualize the 33–35 kDa hCTR1 monomer it was found to be important to add

fresh reducing agent to the sample buffer immediately prior to adding the sample buffer to

the protein sample and also to avoid boiling the sample prior to loading on the gel. When

fresh reducing agent was not added to the sample buffer, a faint band was observed at 33–35

kDa with a more intense band at 62–64 kDa indicating that this protein is highly sensitive to

its redox environment. Moreover, boiling the sample also decreased the intensity of the band

at 33–35 kDa. Membrane proteins may aggregate with boiling so it is not unexpected that

boiling might hinder binding of the anti-CTR1 antibody to its epitope on the N-terminus of

the hCTR1 molecule although no high molecular weight complexes were detected in boiled

samples.

One of the reasons for extensively qualifying the rabbit monoclonal anti-CTR1 antibody was

to permit a more precise analysis of the effect of Cu and cDDP exposure on the expression
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of CTR1. That the over-expressed myc-CTR1 in the HEK293T cells was functional was

established by showing that the HEK293T/myc-CTR1 cells were 2.5-fold more sensitive to

the cytotoxic effect of cDDP. The Western blot analysis indicated that both agents produced

a clear and substantial reduction of hCTR1 in the postnuclear HEK293T/myc-CTR1

membranes relative to the level of the transferrin receptor. This result is consistent with prior

studies showing that the level of hCTR1 ubiquitination is increased upon Cu and cDDP

exposure (39), and that pretreatment with the proteosome inhibitors can block degradation

and enhance cDDP accumulation (27, 40). However, this analysis did not include

assessment of the loss of hCTR1 from the plasma membrane specifically and it remains

possible that CTR1, like the Cu efflux transporter ATP7A, is extracted from membranes by

proteins such as sec61β (41) and thus lost from the postnuclear membrane preparations.

This analysis has documented the ability of the commercially available Epitomics rabbit

monoclonal anti-hCTR1 to detect and quantify the expression of hCTR1 in PNM,

immunoprecipitates and biotinylated membrane protein preparations of mammalian cells by

Western blot analysis and thus addresses what has been a longstanding problem in the field.

This antibody can now be used as a reference standard against which to compare the ability

of polyclonal and mouse monoclonal antibodies to detect this important transporter.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of hCTR1 expression in whole cell lysate (WCL) versus postnuclear membrane

(PNM) preparations as detected with the rabbit monoclonal anti-hCTR1 antibody. (A)

HEK293T/myc-CTR1; (B) A2780; and, (C) A2780/myc-CTR1 cell lines. The expected size

of the glycosylated hCTR1 monomer ranges from 33–35 kDa.
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Figure 2.
Detection of hCTR1 in cells molecularly engineered to over-express myc-CTR1.

Representative Western blots (panels A and D) and histograms summarizing the results of 4

independent experiments on HEK293T/myc-CTR1 (panels B and C) and A2780/myc-CTR1

cells (panels E and F). Analyzes were performed on PNM preparations using the Epitomics

anti-hCTR1 antibody. Blots were concurrently probed with anti-transferrin receptor (TR)

antibody to provide a lane-loading control.
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Figure 3.
Detection of hCTR1 in A2780 cells molecularly engineered to knockdown hCTR1

expression. A) representative Western blot; B) a histogram showing the mean relative

mRNA expression level determined from independent qRT-PCR measurements; C)

histogram summarizing the results of 4 independent Western blots. Analyzes were

performed on PNM preparations using the Epitomics anti-hCTR1 antibody. Blots were

concurrently probed with anti-transferrin receptor (TR) antibody to provide a lane-loading

control.
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Figure 4.
Effect of deglycosylation on detection of hCTR1 by Western blot analysis. (A), HEK293T/

myc-CTR1 cells. Treatment of the HEK293T/myc-CTR1 cells with PNGase to remove the

N-linked sugars reduced the MW of the monomer by 7–8 kDa; subsequent removal of the

O-linked sugars resulted in a smaller 1–2 kDa shift. The blot was probed with the Epitomics

anti-hCTR1 antibody.
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Figure 5.
Detection of hCTR1 in immunoprecipitates prepared from HEK293T/myc-CTR1 cells using

anti-hCTR1 and anti-myc antibodies. Myc-CTR1 was precipitated from PNM preparations

with anti-myc or anti-hCTR1 coupled to beads. Immunoprecipitates were probed with anti-

hCTR1 (upper panel) or anti-myc (lower panel). Lanes 1 and 3: CTR1 in PNM samples

prior to immunoprecipitation. Lanes 3 and 4: myc-CTR1 captured by and eluted from beads

coated with anti-myc antibody. Lane 5 and 6: captured by and eluted from beads coated with

anti-CTR1 antibody myc-CTR1. Lane 7 and 8: proteins not completely captured by the

beads coated with anti-myc antibody and present in the flow through (FT). Lane 9 and 10:

proteins not completely captured by the beads coated with anti-CT1 antibody and present in

the flow through (FT). *Endogenous Myc; ** IgG light chain.
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Figure 6.
Detection of hCTR1 in biotinylated plasma membrane preparations and the effect of copper

exposure. (A) Western blot of biotinylated plasma membrane protein derived from

HEK293T/myc-CTR1 cells; (B) preparation made from A2780/myc-CTR1 cells. The

Western blots of biotinylated proteins were concurrently probed with anti-hCTR1 and anti-

transferrin receptor antibody to provide a lane loading control.
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Figure 7.
Effect of hCTR1 over-expression on cDDP sensitivity and of cDDP on hCTR1 expression.

(A) Survival of HEK293T/myc-EV and HEK293T/myc-CTR1 cells following a 96 h

exposure to increasing concentrations of cDDP. (B) Representative Western blot showing

the effect of a 30 min exposure to 100 μM Cu and a 1 h exposure to 30 μM cDDP on

hCTR1. (C) Histogram showing the quantification of CTR1 in PNM as determined from 5

independent Western blot analyses.
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