
SINGLE NUCLEOTIDE POLYMORPHISMS IN HUMAN ATP7B 
GENE MODIFY PROPERTIES OF ATP7B PROTEIN

Courtney J. McCann1, Samuel Jayakanthan1, Mariacristina Siotto2, Nan Yang1, Maria 
Osipova1, Rosanna Squitti3, Svetlana Lutsenko1

1Department of Physiology, Johns Hopkins University, Baltimore, MD, USA;

2Don Carlo Gnocchi ONLUS Foundation, Milan, Italy;

3IRCCS Istituto Centro San Giovanni di Dio-Fatebenefratelli, Italy

Abstract

Single nucleotide polymorphisms (SNPs) are the largest source of sequence variation in the human 

genome. However, their functional significance is not well understood. We show that SNPs in the 

Wilson disease gene, ATP7B, that produce amino-acid substitutions K832R and R952K, modulate 

ATP7B properties in vitro and influence serum copper (Cu) status in vivo. Presence of R832 is 

associated with a lower ATP7B abundance and a diminished trafficking in response to elevated Cu. 

The K832R substitution alters surface exposure of amino acid residues in the actuator domain and 

increases its conformational flexibility. All SNP-related ATP7B variants (R832/R952, R832/K952, 

K832/K952, and K832/R952) have Cu-transport activity. However, the activity of ATP7B-K832/

K952 is lower compared to other variants. In humans, the presence of K952 is associated with a 

higher fraction of exchangeable Cu in a serum. Thus, SNPs may modulate properties of ATP7B 

and the organism Cu status.
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INTRODUCTION

Copper (Cu) is an essential metal that is required in numerous cellular processes. Cu is a 

cofactor of enzymes involved in respiration, detoxification of oxygen radicals, iron transport, 

and neurotransmitter synthesis.1, 2 Both insufficient and excessive Cu are detrimental; 

therefore, Cu homeostasis is tightly regulated through a network of Cu-transporting and Cu-

utilizing proteins. ATP7B is a mammalian Cu-transporting P1B-type ATPase that plays a 

major role in balancing Cu levels in tissues. ATP7B is most highly expressed in the liver, and 

is also found in the brain, intestine, heart, kidneys, lungs, mammary glands, and placenta.3 
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In hepatocytes, ATP7B is localized to the trans-Golgi network (TGN), where it facilitates the 

incorporation of Cu into the secreted ferroxidase ceruloplasmin (Cp), the major Cu-binding 

protein in the serum.4 When the intracellular Cu levels in hepatocytes exceed cellular needs, 

ATP7B traffics from the TGN to vesicles located in the vicinity of the canalicular 

membrane. There, ATP7B sequesters excess Cu into vesicle for subsequent export into the 

bile.5, 6

Inactivation of ATP7B causes Wilson disease (WD), a potentially fatal disorder of Cu 

misbalance.7 Loss of ATP7B activity is associated with intracellular Cu accumulation, 

impaired incorporation of Cu into Cp, and an increased proportion of labile (i.e. non-Cp 

bound) Cu in the serum, which serves as one of the clinical markers of WD.8 WD 

manifestations range from mild hepatic inflammation and tremor to cirrhosis, fulminant liver 

failure, depression, and psychotic episodes. The exact cause of this phenotypic variability 

remains poorly understood. Over 600 WD-causing mutations have been identified in 

ATP7B, and increasing number of those mutations has been characterized. These studies 

revealed a spectrum of biochemical and cellular effects, ranging from a complete loss of 

ATP7B expression and function to potentially milder effects on ATP7B trafficking or 

stability. However, strong correlations between mutations and associated phenotypes have 

not been observed, suggesting existence of additional, modifying factors. In addition, 

increasing evidence suggests that Cu homeostasis is altered in several other disorders (e.g. 
Alzheimer’s disease, Parkinson’s disease, and non-alcoholic fatty liver disease), and the 

cause of Cu mis-balance in these disorders remains unclear.

Single nucleotide polymorphisms (SNPs) represent a rich source of variation in the human 

genome. Approximately 800 SNPs have been identified in ATP7B, the vast majority of 

which have not been studied in detail and have been thought completely benign.9 However, 

two common SNP-related amino acid substitutions (SNP-RAAS) in ATP7B—R832 (c.2495 

A>G, rs1061472) and K952 (c.2855 G>A, rs732774) appear to be enriched in patients in 

patients with Alzheimer’s disease (AD). While 31% of the healthy population is 

homozygous for R832 and 30% for K952, 43% of AD patients are homozygous for R832 

and 45% for K952.10 The higher frequency of these variants could be significant, as the 

ATP7B-R832 variant has a decreased Cu transport activity in vitro11 and AD patients with 

these variants have a higher fraction of labile Cu in the serum compared to healthy controls.
10, 12, 13 Furthermore, the presence of Arg in the Drosophila melanogaster Cu-ATPase at a 

position equivalent to that of 832 of human ATP7B results in the loss of Cu-ATPase 

function.14 Here, we tested how the SNP-RAAS R832 and K952 affect human ATP7B in 

cells and found that they influence the biochemical and cellular behavior of ATP7B and, 

therefore, may impact Cu homeostasis in cells and tissues.

MATERIALS AND METHODS

Human subjects and serum sample collection

All procedures involving human subjects were compliant with the ethical standards of the 

Committee on Human Experimentation of IRCCS Istituto Centro San Giovanni di Dio-

Fatebenefratelli and the Helsinki Declaration of 1975. Blind procedures for data collection 

and analysis were applied. Eight-one elderly volunteers were recruited and screened for 
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conditions known to affect copper metabolism and biological indicators of neurological, 

psychiatric, and cardio-cerebro-vascular diseases. A mini-mental state examination (MMSE) 

test was conducted.15 Blood was drawn in the morning after an overnight fast, collected in a 

test tube (Vacutainer® BD Thrombine) containing an activator of coagulation, quickly 

frozen, and stored at −80°C.

Genotyping and serum analysis

Genomic DNA was purified from peripheral blood using the conventional method for DNA 

isolation (QIAamp DNA Blood Midi kit). SNP IDs are ID_C_1919004_30 (rs1061472) and 

ID_C_938208_30 (rs732774). Genotyping was performed using the TaqMan allelic 

discrimination assay (Applied Biosystems, Inc) as previously described12. Direct DNA 

bidirectional sequencing was performed for 15% of the PCR products, which were randomly 

selected and analyzed to confirm the genotypes.

Total serum Cu was measured using an Analyst 600 Perkin Elmer atomic absorption 

spectrophotometer following previously described methods.16 Cp concentration was 

measured with an immunoturbidimetry assay (Horiba ABX, Montpellier, France) automated 

on an ABX Pentra 400 (Horiba ABX, Montpellier, France), performed in duplicate. For each 

serum Cu and Cp pair, the amount of Cu bound to Cp, the amount of non-Cp Cu, and the 

Cu:Cp ratio were calculated, as previously described.17, 18 Sample subjects were stratified 

based on whether or not they were carriers of at least one of the alleles of interest. First, the 

Cu values of carriers of at least one K952 allele were compared to those from non-carriers. 

Second, Cu values of carriers of at least one R832 allele were compared to those from non-

carriers. Lastly, Cu values of carriers of at least one R832 and one K952 allele were 

compared to those from non-carriers. Student’s t-test was used to determine the significance 

of difference between the groups described above. * p<0.05, ** p<0.01.

Conservation analysis of the ATP7B SNPs

NCBI BLASTP was used to identify animal orthologs of human ATP7B (ID: 

XP_005266487.1). A library of 165 unique sequences from vertebrate species was 

assembled and 11-residue amino acid (AA) sequences centered on the SNP-RAAS of 

interest were extracted. These sequences for each SNP-RAAS were compiled into a 

WebLogo.19

Generation of GFP-tagged ATP7B variants

The plasmid pYG7, encoding ATP7B with an N-terminal GFP tag, was used as a template.20 

The four ATP7B variants—R832/R952, R832/K952, K832/K952, and K832/R852—were 

generated using a QuikChange XL Site-directed Mutagenesis kit (Stratagene), following the 

manufacturer’s protocol. The primers used were as follows: K832R 5’-

GGCGATATCGTCA-GGGTGGTCCC-3’ and 5’-CCCAGGGACCACC-CTGACGATAT-3’; 

R952K 5’-GGTGTTGT-TCAGAAATACTTTCC-3’ and 5’-

GTTAGGAAAGTATTTCTGAACAA-3’. Presence of the correct subsitutions for each 

variant was confirmed by sequencing the entire ATPB cDNA region. The identical purity 

and quantity of the plasmids was verified prior to transfection into cells by examining the 

210–300 nm spectra.

McCann et al. Page 3

Metallomics. Author manuscript; available in PMC 2020 June 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cell culture and transfection

HEK293A and skin fibroblast (YST) cells were cultured in complete medium consisting of 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS) and 1% penicillin/streptomycin. Cell cultures were maintained at 37°C in a 

humidified chamber (5% CO2). Cells were transfected in 6-well plates for 20 h using 

Lipofectamine LTX with PLUS reagent (Invitrogen), with 1 or 2 μg plasmid DNA as 

indicated and 6 μL Lipofectamine per well, according to the manufacturer’s protocol. 

HEK293A cells were used in experiments protein characterizing ATP7B abundance, 

stability, and trafficking; YST cells were used for determining ATP7B Cu transport activity.

Protein abundance of ATP7B variants

Transfected HEK293 cells were lysed in RIPA buffer (0.05 M tris-HCl, pH 7.0; 0.15 M 

NaCl; 0.25 % deoxycholic acid; 1% NP-40; 1 mM EDTA; Millipore) for 30 min on ice. 

Centrifugation at 3,000 g for 15 min removed cell debris. The supernatant was collected and 

used for further studies. Protein concentration was determined using BCA assay (Pierce). 

Thirty μg of protein were separated on 10% Laemmli gels and then transferred to PVDF 

(Millipore) membranes using CAPS, pH 11 transfer buffer. Membranes were blocked for 1 h 

at room temperature (RT) in 5% milk in phosphate-buffered saline (PBS), then incubated for 

overnight (16 h) in either 1:6000 anti-ATP7B (Abcam, ab124973) or 1:2000 anti-β-actin 

(Abcam, ab6276) diluted in PBS containing 0.2% Tween-20 (PBST) with 0.05% sodium 

azide. Membranes were then incubated for 1 h at room temperature (RT) in either 1:10,000 

anti-mouse or anti-rabbit secondary antibodies (Santa Cruz) before imaging on an Alpha-

Imager (ProteinSimple). The fluorescent intensities of protein bands were determined with 

Image-J (NIH) and ATP7B levels were normalized to a β-actin loading control.

Analysis of ATP7B degradation

HEK293A cells transfected with each of the ATP7B variants and 16 h post-transfection 

protein synthesis was blocked by addition of 50 μM cycloheximide (CHX). Cells were then 

incubated in the presence of CHX for 0, 6, 12, or 24 h to allow for protein degradation. Cells 

were lysed using RIPA buffer, as described above, 5 μg of total cell lysate was separated on 

an SDS-PAGE gel and ATP7B abundance was analyzed by Western blot. The blots were 

imaged on an AlphaImager and the fluorescent intensities of the protein bands were 

determined using Image-J. The 6, 12, and 24 hour intensities for each variant were 

normalized to the corresponding intensity at 0 h.

Modeling of the ATP7B SNP-RAAS and adaptive Poisson-Boltzmann surface calculations

The homology model of ATP7B21 was employed to model R832 and K952 variants using 

the PyMOL (Schrödinger, LLC) mutagenesis feature. Structural changes were visualized by 

using a space-filling model. The PDB coordinates for the solution NMR structure of the 

ATP7B A-domain were kindly provided by Dr. Banci (University of Florence). SWISS-

MODEL22 was used to generate structural model for the R832 A-domain variant. The 

structures were used for Adaptive Poisson-Boltzmann Surface (APBS) calculations.23 The 

PDB2PQR24–26 web server was used to prepare PQR files using the AMBER-9927 and 

PARSE28, 29 force-fields. APBS calculations were done using the APBS Tools2 plug-in30 
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within PyMOL. The dielectric constants for the APBS calculations were set to 2.0 (protein) 

and 78.0 (solvent) with ion concentrations of 150 mM (radius of +1 = 2.0 and −1 = 1.8). The 

probe radius for surface tracing was 1.4 Å with a system temperature of 310 K.

All-Atom molecular dynamics simulations setup

The A-domain structural models (generated as detailed above) were submitted to 

CHARMM-GUI web-based server to generate the respective NAMD 2.9-based molecular 

dynamics system and input files.31–33 A rectangular water box was constructed around each 

A-domain with an edge distance of 10 Å. The system was supplemented with 150 mM NaCl 

(48 sodium and 42 chloride ions placed in each box using the Monte Carlo method).31 The 

initial equilibration was performed for 35 frames using the NVT (constant volume, constant 

temperature) ensemble followed by production runs for up to 200 ns (10,000 frames) using 

the NPT (constant pressure, constant temperature) ensemble at a constant temperature of 

303.15 K. All simulations were performed on the Maryland Advanced Research Computing 

Core (MARCC) facility high performance blue crab cluster (http://www.marcc.jhu.edu). The 

resulting individual trajectory was further extracted into 200 frames using the catdcd feature 

(stride 500 frames) within the Visual Molecular Dynamics (VMD) program34 for further 

processing using a local Linux machine.

MD simulation trajectory analysis

The root-mean-square deviation (RMSD) calculations for the individual trajectories were 

calculated using the VMD program.34 The solvent accessible surface area (SASA) 

measurements were performed using the Correl function and the SURF probe feature 

(RPROBE radius 1.4 Å) within the CHARMM program version 42b. The Gaussian network 

model (GNM) frequencies were generated using the GNM feature within the molecular 

dynamics analysis suite MDAnalysis.35 The secondary structure calculation was performed 

by analyzing secondary structure elements in the definition of secondary structure of 

proteins (DSSP) program using the GROMACs package.36–38 Cross-correlation of motion 

heat maps were also calculated with MDAnalysis using scripts kindly provided by Anu 

Nagarajan (NINDS, NIH). The GNM frequencies were plotted using XMGRACE (http://

plasma-gate.weizmann.ac.il/Grace/). The ribbon diagrams of the A-domain were displayed 

using UCSF chimera.39

Tyrosinase assay for determining the Cu transport activity of ATP7B variants

YST cells were seeded on glass cover slips at a density of 1.5 × 106 cells per well. Cells 

were co-transfected with the pTyr plasmid and with one of the ATP7B-SNP-RAAS plasmid, 

as described above. For activity measurements, cells were washed in PBS and then fixed for 

30 seconds in an acetone:methanol mixture (1:1 v/v) that was pre-chilled at −20°C. This was 

followed by incubation in 0.1% sodium phosphate, pH 6.8 containing 0.15% (wt/vol) 

levo-3,4-dihydroxyl-L-phenylalanine (L-DOPA) for 4 h at RT. Coverslips were then 

mounted onto slides using Fluoromount-G (Electron Microscopy Science). The formation of 

dark colored DOPA-chrome was examined using a phase contrast microscopy. Forty 

pigment-containing areas per replicate were manually selected using the tracing tool within 

Image-J. The areas and intensities of pigmentation were quantified, and the intensities were 

normalized to the area. Relative ATP7B abundance was estimated by confocal microscopy 
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using GFP-fluorescence as a proxy of ATP7B-GFP protein levels. Fluorescent intensity was 

quantified using Image-J and normalized to the area. Fluorescent intensity of control cells 

expressing the pTyr plasmid was used as a background control. Fluorescent intensity of the 

previously characterized TST-ATP7B was taken as 100%.40

Trafficking studies

Transfected HEK293 cells grown on glass coverslips were treated with either 25 μM tetra-

thiomolybdate (TTM) or 100 μM CuSO4 for 4 h at 37°C. The cells were then fixed in 3% 

paraformaldehyde (PFA) in PBS for 12 min and permeabilized and blocked in 0.5% Triton 

X-100 (Sigma) and 0.5% BSA in PBS for 15 min. Cells were incubated with anti-TGN46 

primary antibody (1:500 dilution, GeneTex) for 1 h at RT, and then incubated with donkey 

anti-sheep secondary antibody conjugated with AlexaFluor-555 (Invitrogen) for 1 h at RT. 

Coverslips were mounted using 3:1 Fluoromount: DAPI (Electron Microscopy Science). 

Stained cells were visualized using confocal microscopy (Zeiss) and images were processed 

using Image-J. For quantization of protein co-localization, at least 20 cells were used per 

each condition, and the loss co-localization between ATP7B-GFP and TGN46 was used as a 

measure of ATP7B trafficking to vesicles.

Statistical analyses

All values are reported as means ± standard error of the mean (SEM) and plotted in 

GraphPad Prism (GraphPad Software, Inc). Statistical analyses were performed in GraphPad 

Prism using either unpaired Student’s t-test or one-way ANOVA with Fisher’s least 

significant differences (LDS) test, as indicated. * p<0.05, ** p<0.001, and **** p<0.0001.

RESULTS

The presence of R832 and K952 correlates with changes in serum Cu indicators

The A>G SNP at c.2495 in ATP7B results in an Arg at position 832 (R832), and the G>A 

SNP at c.2855 results in a Lys at position 952 (K952). To determine whether these 

substitutions in ATP7B impact Cu status in vivo, we characterized blood serum samples 

from individuals with different SNP combinations. Cp is an abundant serum protein 

containing a tightly bound, non-exchangeable Cu. Cp is secreted predominantly by the liver. 

Decreases in ATP7B activity lower Cu incorporation into CP and, subsequently, increase the 

fraction of non-Cp bound Cu (i.e. exchangeable Cu) in the serum.8 Consequently, to define 

the impact of ATP7b SNPs on Cu status, we measured four parameters: total serum Cu, total 

serum Cp, non-Cp Cu, and the Cu:Cp ratio. In this analysis, 81 healthy, elderly patients were 

recruited, and their demographic and biological variables pertaining to these subjects are 

reported in Table 1.

The indicators of Cu status were first compared for the carriers of the R832 allele and non-

carriers (Fig. 1). The levels of total serum Cu (13.43±0.31 μM vs. 14.06±1.00 μM) and non-

Cp Cu (1.63±0.25 μM vs. 0.62±0.73 μM) did not significantly differ between the carriers 

and non-carriers, respectively. However, total Cp levels (24.98±0.65 mg/dL vs. 28.48±1.34 

mg/dL, p=0.022) were significantly lower in carriers of the R832 allele. Consequently, the 

Cu:Cp ratio (7.20±0.13 vs. 6.52±0.30, p=0.029) was increased in these individuals. Carriers 
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of the K952 allele had Cu levels comparable to those of the non-carriers (13.52±0.32 μM vs. 

13.69±0.96 μM). However, K952 carriers had significantly lower Cp levels (24.97±0.63 

mg/dL vs. 28.55±1.49 mg/dL, p=0.019), significantly higher non-Cp Cu levels (1.74±0.25 

μM vs. 0.21±0.67 μM, p=0.015), and a higher Cu:Cp ratio in the serum (7.24±0.13 vs. 

6.35±0.27, p=0.003) than did the non-carriers.

To determine whether the presence of R832 and K952 had a combined effect, the Cu status 

was compared for R832/K952 carriers and non-carriers (K832/R952). Carriers of R832/

K952 had serum readouts similar to those of K952 carriers. Although their total Cu levels 

were similar to non-carriers (13.45±0.32 μM vs. 13.86±1.13 μM), the R832/K952 carriers 

had significantly lower Cp levels (24.84±0.66 mg/dL vs. 28.70±1.61 mg/dL, p=0.021), 

higher non-Cp Cu levels (1.72±0.25 μM vs. 0.31±0.81 μM, p=0.041), and a higher Cu:Cp 

ratio (7.25±0.13 vs. 6.39±0.33, p=0.012). Thus, ATP7B SNPs appear to have functional 

consequences, as measured by Cu status in the serum. To directly test this prediction, we 

examined the effects of R832 and K952 on various properties of ATP7B protein In vitro.

Substitution of a highly conserved K832 with R832 may impact ATP7B structure

Two SNPs produce four possible amino-acid (AA) combinations (Fig. 2A). To better 

understand their functional significance, we first examined conservation of the respective 

AA residues among ATP7B orthologs. Protein sequences from 165 vertebrate species were 

aligned with human ATP7B, and the results were compiled into an 11-AA long WebLogo 

(Fig. 2B). In a WebLogo, the size of the residue is indicative of the percentage of sequences 

in which that residue occurs at each given position.19 Lys at position 832 (K832) was present 

in all 165 sequences, suggesting that Lys in this position is a strongly preferred residue and 

substitutions of this residue may have structural and/or functional consequences. In contrast, 

Arg at position 952 (R952) was only observed in human ATP7B. The other ATP7B 

orthologs have mostly Lys at this position (K952).

To predict the potential effects of R832 and K952 on ATP7B structure, we used an existing 

homology model of ATP7B23 (Fig. 2C). ATP7B is a large membrane protein with multiple 

domains that have distinct functions. The AA position 952 is located in the loop connecting 

transmembrane (TM) segments TM3 and TM4. This region faces the lumen of the TGN, and 

its specific function is unknown.41, 42 In the model, this region is predicted to be 

unstructured, and therefore the impact of R952K substitution on ATP7B structure is difficult 

to evaluate (Fig. 2C, top panels). In contrast, the AA residue 832 is located in the actuator 

(A)-domain, a domain that is critically involved in conformational transitions of the protein.
23 The side-chain of Arg at the position 832 occludes a small “pocket” that is present in the 

A-domain containing K832, and this structural change could be consequential (Fig. 2C, 

bottom panels).

ATP7B-K952/K832 has a lower Cu-transport activity compared to other SNP-related 
variants

To evaluate functional significance of the SNP-related amino acid substitutions we 

compared Cu-transport activity of all four variants by measuring ATP7B-dependent 

activation of tyrosinase. Tyrosinase activity requires presence of copper cofactor, and cells 
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expressing functional tyrosinase produce a dark brown pigment.40 YST cells, a fibroblast 

cell line lacking endogenous Cu-transporting ATPases, were co-transfected with the ATP7B-

GFP variants and pTyr, a plasmid expressing apo-tyrosinase. The twin-strep tag (TST)-

ATP7B construct, which contains R832/R952 and has been previously used in tyrosinase 

assays40, served as a positive control.

All four variants showed Cu-transport activity, as evidenced by the presence of the pigment 

in cells (Fig. 3A). The pigment intensity and pigment area were measured and normalized to 

the area to compare Cu-transport activity between variants quantitatively (Fig. 3B). The 

sequences of the ATP7B region for TST-ATP7B and the R832/R952 GFP-ATP7B are 

identical, and very similar pigment intensities (1.90±0.03 vs 1.89±0.03, p=0.911) confirmed 

their similar activity as well as the accuracy of the assay. The normalized pigment intensity 

of R832/K952 is also comparable to the TST-ATP7B control (1.93 ± 0.034 v 1.90 ± 0.03, 

p=0.649), while the pigment intensity of K832/R952 showed a small, but significant 

decrease compared to the control (1.81 ± 0.03 v 1.90 ± 0.03, p=0.042). The K832/K952 

variant showed the most significant change—an approximately 20% decrease in normalized 

pigment intensity compared to TST-ATP7B (1.459±0.0347, p<0.0001).

To ensure that this decrease in Cu-transport activity was not due to low protein expression 

levels of the K832/K952 variant, we measured the GFP-ATP7B fluorescence in transfected 

cells. The K832/K952 and K832/R952 variants were more abundant (2.797±0.339 and 

1.771±0.145, respectively) than the R832/R952 and R832/K952 variants (1.595±0.347 and 

1.223±0.024, respectively; Fig. 3C). The lower transport activity of the K832/K952 variant 

compared to the other variants is therefore not due to lower levels of expression.

Presence of R832 enhances ATP7B degradation and decreases protein abundance

To further explore whether protein abundance may be influenced by SNP-related 

substitutions, we expressed in HEK293A cells the GFP-tagged ATP7B with each of possible 

AA combinations: R832/R952, R832/K952, K832/K952, and K832/R952. Quantitative real-

time PCR (qRT-PCR) confirmed that the mRNA levels were comparable among cells 

expressing the different ATP7B variants (data not shown). The protein abundance of the 

ATP7B variants was evaluated by Western blotting. Analysis of bands intensity 

demonstrated that (similarly to findings in YST cells) presence of R832 was associated with 

lower ATP7B abundance independently of the residue present at position 952 (Fig. 4A, B). 

The R832/R952 variant was less abundant than the K832/R952 variant (1.22±0.13 and 

1.9±0.21, respectively; p=0.0258), and the R832/K952 variant was less abundant than K832/

K952 variant (1.172±0.218 and 1.795±0.236; p=0.0397). The ATP7B variant with both of 

the AD-associated SNP-RAAS, R832/K952, was the least abundant (1.172±0.218).

To determine whether difference in protein abundance was due to differences in ATP7B 

degradation, HEK293A cells expressing the ATP7B variants were treated with 

cycloheximide to block protein synthesis and then chased for 6, 12, or 24 h. Western blot 

analysis of cell lysates showed no significant changes in protein abundance after 6 h – for all 

variants (Fig. 4C). However, after 12 and 24 h the variants containing R832 showed lower 

protein abundances compared to the K832-containing variants (Fig. 4 C). The R832/R952 

variant had significant decreases in abundance after 12 and 24 h (0.621±0.032, p=0.017 and 
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0.580±0.051, p=0.0088, respectively), whereas the K832/R952 variant showed significant 

changes only at 24 h (0.917±0.216, p=0.5923 and 0.708±0.083, p=0.0636, respectively). 

Similarly, the abundance of R832/K952 variant was decreased after 12 and 24 h of treatment 

(0.453±0.072, p=0.0008 and 0.271±0.052, p<0.0001), whereas K832/K952 showed a 

significant decrease only after 24 h (0.683±0.169, p=0.445). These results indicate that the 

ATP7B variants containing R832 are more susceptible to protein degradation than the 

variants containing K832, which may explain the observed differences in their abundance.

Residues at position 832 modulate ATP7B trafficking response to high Cu

Hepatic ATP7B is targeted primarily to the TGN under basal or low Cu conditions and 

traffics to vesicles when Cu is elevated.43 Therefore, the loss of ATP7B retention in the TGN 

can be used as a measure of protein trafficking. To compare trafficking response of ATP7B 

variants, we measured their retention in the TGN under different Cu conditions. Cu 

depletion was achieved by treatment of HEK293A cells with the Cu chelator 

tetrathiomolybdate (TTM), and Cu elevation was produced by treating cells with CuSO4 

(Fig. 5). Under Cu-limiting conditions, all variants were predominantly localized to the 

TGN, except for R832/K952-ATP7B, which was found in both TGN and vesicles. Upon Cu 

elevation, the variants with K832 behaved as expected, i.e. they trafficked normally out of 

the TGN as evidenced by the loss of co-localization between ATP7B and the TGN marker, 

TGN46 (Fig.5). In contrast, the variants with R832 trafficked to vesicles but remained close 

to the TGN and some retained an overlap with the TGN marker. Thus, the SNP-related 

substitutions do not disrupt ATP7B trafficking but may modulate the rate of ATP7B exit 

from the TGN.

R832 affects the conformational dynamics of the A-domain

The decrease in abundance of the R832 variant proteins, as well as the putative effect of this 

substitution on ATP7B structure, suggested that Arg at position 832 may impact the 

structure of the A-domain, which has previously been shown to affect protein abundance.44 

To test this hypothesis, we generated a model of the A-domain with R832 using the available 

NMR structure of the ATP7B A-domain with K83223 and compared the properties of each 

(Fig. 6A) Two different force-field calculations, AMBER-9927 and PARSE28, 29, both 

revealed a difference in the surface electrostatics of the domain depending on the residue 

present at position 832. The A-domain with K832 has a more positive net charge, whereas 

the A-domain with R832 has a more neutral net charge, with the largest difference between 

the domains occurring in the area immediately surrounding the 832 position.

To better understand the effect of the SNPRS on the secondary structure and biophysical 

properties of the A-domain, we performed all-atom MD simulations in explicit solvent 

(water/sodium chloride) that mimics the intracellular milieu. The backbone root mean 

square deviation (RMSD) trajectories show that both the R832 and K832 variants equilibrate 

past 90 nanoseconds (Fig. S1A). To analyze the conformational motions of the domain and 

the existence of stable state(s), we calculated the frequencies of the eigenvalues using the 

Gaussian network model (GNM).45, 46 Explicit solvent calculations for up to 200 

nanoseconds were used to determine the impact of R832 on the GNM frequencies, which 

represent the rotational and translational motions of the domain.45 This analysis showed that 
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both the K832 and R832 variants were present largely in one conformational state. However, 

the R832 variant has a broader distribution of eigenvalues, indicating a higher 

conformational flexibility (Fig. 6B). The increase in the intra-molecular motion is also 

supported by the larger radius of gyration seen in the R832 variant compared to the K832 

variant (53.15±0.733 Å vs. 49.81±0.751 Å, p=0.0016; Fig. 6C).

Effects of the SNPRS on the secondary structural elements of the A-domain were analyzed 

using a definition of secondary structure of proteins (DSSP) plot. The third β-strand—the 

strand in which residue 832 is located—was relatively stable throughout the simulation in 

both variants (Fig. S1C). At the same time, the R832 SNPRS significantly altered the solvent 

accessibility surface area (SASA) for some of the residues in the vicinity of position 832. 

While V833 (4.29±0.153 Å2 vs. 4.63±0.140 Å2, p=0.099) and V834 (87.65±0.633 Å2 vs. 

86.71±0.528 Å2, p=0.255) were not significantly changed, both I830 (32.30±0.918 Å2 vs. 

45.62±0.655 Å2, p<0.0001) and V831 (0.039±0.008 Å2 vs. 0.099±0.020 Å2, p=0.005) had 

an increase in SASA in the R832 variant (Fig. 6D, S1B).

The A-domain contains the highly conserved TGE motif. This motif facilitates the 

dephosphorylation of the catalytic Asp and the conformational transitions of the full-length 

ATP7B protein.47 Increased structural fluctuations associated with the presence of Arg at 

position 832 could have long-range, allosteric effects on this motif. To examine this 

possibility, we analyzed the SASA changes for the residues that constitute the TGE motif 

(T858, G859, E860) and found that the surface exposure of G859 (57.01±0.638 Å2 vs. 

51.03±1.078 Å2, p<0.0001) and E860 (83.05±1.431 Å2 vs. 100.90±1.582 Å2, p<0.0001) was 

higher in the R832-containing variant. The surface exposure of T858 was most significantly 

increased (45.31±2.102 Å2 vs 86.81±1.156 Å2, p<0.0001) in the R832 variant compared to 

the K832 variant (Fig. 6E, S1B)

To visualize the effect of the SNPRS on residue motions within the A-domain, we calculated 

the correlation matrix for all 140 residues in the domain and displayed them as a two-

dimensional heat map (Fig. 6F). Positive cross-correlation values (yellow) indicate a 

strongly correlated motion of the residues in the same direction during the simulation. 

Negative values (blue) imply an anti-correlated motion of the residues, i.e. no 

communication between the residues. Position 832 (residue 40 on the map) lies within the 

segment of strong correlation for both variants. However, the long-range effects vary 

between the R832 and K832 variants, especially for residues 60–100 and 120–140. In the 

R832 variant, these regions show strong correlation; in the K832 variant, these regions have 

a less strong correlation. Taken together, the computational studies illustrate different MD of 

the A-domain with between the two variants, which may contribute to the distinct properties 

of the corresponding ATP7B variants in cells.

DISCUSSION

SNPs are typically considered benign, largely because they are frequently detected in the 

healthy population. In addition, SNPs often produce substitutions that preserve the main 

chemical properties of the corresponding amino acid residues, such as charge, bulk, and 

hydrophobicity. Our studies of two common SNP-dependent amino-acid substitutions in 
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ATP7B have confirmed that ATP7B is active with any of the four amino-acid combinations 

at positions 832/952. At the same time, we found that these substitutions have measurable 

effects on both the structure and other properties of ATP7B. The presence of R832 and K952 

modulates ATP7B abundance, trafficking, and Cu-transport activity to varying degrees. 

Analysis of markers of Cu status in human serum appears to correlate with these in vitro 
effects, although direct comparison of the Cu:Cp values with ATP7B abundance and activity 

is needed to draw firm conclusions.

These findings add to accumulating evidence that ATP7B SNPs influence cellular Cu 

homeostasis and, in combination with other factors, may contribute to human disease. 

Presence of R832 and K952 in ATP7B variants was previously linked to higher levels of 

labile Cu in the serum in AD patients.10, 13, 48 Previous in vitro studies measuring the 

ATP7B-driven Cu uptake in vesicles revealed that the R832 variant had lower Cu transport 

activity.11 Moreover, R832 was identified as a loss-of-function SNP in Drosophila 
melanogaster ATP7, an ATP7B homolog.11, 14 The Drodophila ATP7 protein containing Arg 

at the position equivalent to human R832 had lower expression levels than the control, and it 

was suggested that the presence of Arg in this position may promote protein degradation.14 

Our studies in human cells show that R832 alters ATP7B protein dynamics, abundance, and 

trafficking, and that the K832/K952 variant has lower Cu-transport activity. We did not find 

that the inhibitory effect of R832 on ATP7B Cu transport activity in cells using the 

tyrosinase assay. This discrepancy could be due to the lower sensitivity of this assay in 

comparison to direct measurements of Cu uptake.

R832 is located in the A-domain, which is involved in conformational transitions and 

catalysis during the ATP7B enzymatic cycle.23 In addition ATP7B abundance and trafficking 

is regulated by a kinase-mediated phosphorylation of key Ser resides.4, 49, 50 Currently, it is 

not known whether R832K affects the phosphorylation state of ATP7B, and further study is 

needed. Our computational studies demonstrate that R832 alters the local structure, surface 

charge distribution, and dynamics of the A-domain. A higher conformational flexibility of 

the domain containing R832 may explain propensity to stronger degradation and decreased 

protein abundance of R832 variants compared to K832 containing proteins. Although 

differences between the ATP7B variants are rather small, in combination with other factors 

(or over long period of time) they may impact overall cellular copper balance.

K952 is located in the lumenal loop between TM segments 5 and 6. An equivalent loop in 

the homologous ATP7A has been shown to function in Cu release from the ATPase41, and 

the loop between TM3 and TM4 of ATP7B has been identified as a site of kinase-mediated 

phosphorylation.42 We observed that in cells the K832/K952 variant had a lower Cu-

transport activity when compared to other ATP7B variants, which is consistent with potential 

negative effect on Cu release. The decrease in activity is not very large (about 20%); 

nevertheless, in Wilson disease patients with this genetic background presence of K952 may 

exacerbate the effects of otherwise mild ATP7B mutations.

Both R832 and K952 are common in the general population.10, 51 If these SNPs alter ATP7B 

structure or diminish protein function, how could they be present in high frequencies in the 

healthy population? Squitti, et al. have shown that healthy individuals are more likely to be 
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heterozygous for R832 and K952, while AD patients are more likely to have both variants.10 

Analysis of Cu status markers in the serum—total Cu, total Cp, and non-Cp Cu— revealed 

that both R832 and K952 may affect Cu homeostasis, even in healthy individuals. Although 

total Cu levels are comparable between the R832 and K952 carriers and non-carriers, 

presence of R832 appears to correlate with lower Cp levels, and carriers of K952 have both 

lower levels of Cp and higher levels of exchangeable Cu. In other words, presence of certain 

SNPs results in measurable changes to human Cu parameters.

Both R832 and K952 have been reported in WD patients alongside known WD mutations 

(Table 2). In Asian populations where WD prevalence is greater than that worldwide, R832 

and K952 both appear with higher frequency. For example, the Han Chinese in Beijing 

(CHB) population has a WD prevalence of approximately 1 in 5400, compared to the 

worldwide prevalence of 1 in 30,000. R832 and K952 both appear in 65% of the CHB 

population, compared to 50% in the Utah Residents with Northern and Western European 

Ancestry (CEU) and the Indian (IND) populations.51, 52 We speculate that SNPs are 

generally benign but, in combination with a disease causing mutation, may exacerbate the 

manifestation of the disease.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Presence of R832 and K952 correlates with changes in serum Cu markers. (A) Total serum 

Cu concentration (mM) in healthy individuals with indicated genotypes. (B) Serum Cp (mg 

dL1) from healthy individuals with indicated genotypes; (C) concentration of non-Cp bound 

Cu in the serum of healthy individuals with indicated genotypes. (D) Ratio of total Cu to 

total Cp in the serum of healthy individuals with indicated genotypes. Normal, healthy levels 

range from 16–24 mM for Cu [3], 20–40 mg dL1 for Cp [3], 0.07–2.19 mM for non-Cp Cu 

[4], and 6.8 for Cu : Cp [4]. n = 16 for R832, n = 65 for K832, n = 16 for R952, n = 65 for 

K952, n = 13 for K832/R952, and n = 62 for R832/K952. Values are reported as means 

SEM. Significance was determined by Student’s t-test; *p o 0.05 and **p o 0.01.
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Fig. 2. 
Location, conservation, and potential impact of SNP-related substitutions on ATP7B 

structure (A) sequence of four generated ATP7B plasmids shows either an adenine 

(encoding Lys) or a guanine (encoding Arg) at positions 2495 and 2855, marked by 

asterisks. (B) Conservation logos of 11-AA sequences centered on K832 or R952 were 

generated using 165 animal ATP7B orthologues. The SNP related AA are marked with 

asterisks. K832 is well-conserved among ATP7B homologs, whereas R952 is specific for 

human ATP7B. (C) Homology model of ATP7B based on the crystal structure of L. 

pneumophila CopA [1]. Top panels illustrate location of the R/K variants at position 952. 

Bottompanels show location of the R/K variants at position 832 in the A-domain of ATP7B.
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Fig. 3. 
ATP7B-K952/K832 has a lower Cu-transport activity compared to other variants. (A) YST 

cells were transfected with a plasmid expressing pTyrosinase (pTyr) alone (Tyrosinase) or 

co-transfected with pTyr and twin strep-tagged ATP7B (TST-ATP7B) or pTyr and one of the 

GFP-tagged ATP7B variants. The Cu transport activity of all ATP7B variants was evaluated 

by activation of tyrosinase (dark brown reaction product, marked by arrows, indicates 

tyrosinase activity). (B) Quantitation of tyrosinase activity. Pigment intensity is normalized 

to pigment area. (~) TST-ATP7B in purple, (K) R832/ R952 in red, (‘) K832/R952 in orange, 

(m) K832/K952 in green, and (.) R832/K952 in blue. n = 4, over 40 areas counted per n. (C) 

Quantitation of ATP7BGFP levels in cells used in the Cu-transport assay. GFP fluorescence 

intensity was normalized to the area, the fluorescence intensity of control cells expressing 

pTyr only, and finally to the fluorescent intensity of cells expressing TST-ATP7B, which was 

taken as 1. n = 3. All values are reported as means SEM. Significance was determined by 

one-way ANOVA with Fisher’s LSD test; *p o 0.05, **p o 0.01, and ****p o 0.0001.
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Fig. 4. 
Presence of R832 is associated with lower ATP7B abundance. (A) HEK293A cells were 

transfected with ATP7B-GFP variants for 20 h, whole cell lysates were prepared and run on 

SDS-PAGE (20 mg of protein per lane).Western blot shows the relative abundance of each 

ATP7B variant. b-Actin is used as a loading control. (B) Densitometry of Western blots, n = 

8. (K) R832/R952 in red, (‘) K832/R952 in orange, (.) R832/K952 in blue, and (m) K832/

K952 in green. Intensities of ATP7B bands were normalized to b-actin and plotted. Means 

SEM are indicated by horizontal lines. Significance was determined by one-way ANOVA 

with Fisher’s LSD test; *po0.05. (C) The R832-containing ATP7B variants aremore 

susceptible to degradation than K832 variants. HEK293A cells were transfected, as 

described above, and then treated with 50 mM cycloheximide (CHX) for 0, 6, 12, or 24 h. 

For each time point,whole cell lysateswere prepared and equal amounts of total protein (5 

mg per lane) were run on SDS-PAGE; ATP7B was visualized by Western blotting. The bars 

indicate the intensity of ATP7B bands at 6 h (orange), 12 h (yellow), and 24 h (green) 

relative to intensity at 0 time point (red) which is taken as 1. n = 4. Values are reported as 

means SEM. Significance was determined by one-way ANOVA with Fisher’s LSD test; *p o 

0.05, **p o 0.01, ***p o 0.001, and ****p o 0.0001.
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Fig. 5. 
Localization of ATP7B variants in HEK293 cells in low and high copper HEK293 cells were 

transfected with one of the indicated ATP7B-GFP variant (green), cells were treated for 4 h 

with either 25 mM TTM (top panels) or 100 mM CuSO4 (bottom panels) and 

immunostained for trans Golgi network marker TGN46 (red). Colocolization is indicated by 

yellow; the loss of colocalization is indicative of ATP7B trafficking (n = 4).
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Fig. 6. 
R832 increases A-domain flexibility (A) surface electrostatics of the ATP7B A-domain [2] 

containing R832/K832 variants quantified using AMBER (left pair) or PARSE (right pair). 

(B) R832 increases the conformational flexibility of the A-domain. Gaussian network mode-

based normal mode frequencies of (‘) K832 in black and (K) R832 in red (C) the radius of 

gyration of the A-domain containing either K832 (K, red) or R832 (‘, gray). (D) The 

variation of SASA values for AA residues in b sheet 3 during 200 ns simulation: R832 (red, 

filled circles), K832 (red, open circles): V833 (K, blue), V834 (yellow), I830 (green) and 

V831 (magenta). (E) Variation in SASA values for residues from the TGE motif in the R832 

and K832 A domains: T858 (green), E860 (magenta), and G859 (blue). (F) Cross-correlation 

maps of AA motions in K832 (top) and R832 (bottom) A-domains during 200 ns simulation. 

Positive values (yellow) indicate motion in the same direction, whereas negative values 
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(blue) indicate motion in the opposite direction. All values are reported as means SEM. 

Significance was determined by unpaired Student’s t-test; **p o 0.01, ****p o 0.0001.
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