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Abstract

Wilson Disease (WD), a copper transport disorder caused by a genetic defect in the ATP7B gene, 

has been a long time strong candidate for newborn screening (NBS), since early interventions can 

give better results by preventing irreversible neurological disability or liver cirrhosis. Several 

previous pilot studies measuring ceruloplasmin (CP) in infants or children showed that this marker 

alone was insufficient to meet the universal screening for WD. WD results from mutations that 

cause absent or markedly diminished levels of ATP7B. Therefore, ATP7B could serve as a marker 

for the screening of WD, if the protein can be detected from dried blood spots (DBS). This study 

demonstrates that the immuno-SRM platform can quantify ATP7B in DBS in the picomolar range, 

and that the assay readily distinguishes affected cases from normal controls (p < 0.0001). The 

assay precision was <10% CV, and the protein was stable for a week in DBS at room temperature. 

These promising proof-of-concept data open up the possibility of screening WD in newborns and 

the potential for a multiplexed assay for screening a variety of congenital disorders using proteins 

as biomarkers in DBS.
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Introduction

Wilson Disease (WD) is an autosomal recessive disorder caused by mutations in ATP7B 
gene (OMIM *6O6882).1–3 ATP7B encodes a transmembrane protein ATPase (ATP7B), 

which is highly expressed in the liver and kidney and functions as a copper-dependent P-

type ATPase. ATP7B is required for transmembrane transport of copper from hepatocytes 
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into the biliary system. Absent or reduced function of ATP7B protein results in copper 

accumulation in the liver and subsequently in the brain, kidneys, and other organs. The 

impaired function of ATP7B protein also fails to incorporate copper into apoceruloplasmin, 

resulting in the decreased blood level of ceruloplasmin (CP) in the majority of patients with 

WD.4–6

The prevalence of WD is approximately 1 in 30,000 newborns, with a carrier frequency of 1 

in 90 (higher in certain populations)7. However, regional variations exist. In particular, Costa 

Rica, Sardinia, the Canary Island and Crete have all reported to have increased 

incidence.8–11 WD is a slow, progressive disease. Although the biochemical defects are 

present from birth, patients with WD typically present with chronic hepatitis, cirrhosis or 

acute liver failure in the first or second decade of life. They may have tremors, ataxia, 

dysarthria and swallowing difficulty. WD was fatal until treatments were developed a half-

century ago. In 1955, the identification of D-penicillamine by John Walshe dramatically 

improved the outcome of WD by increasing the urinary excretion of copper.12 Other 

treatments have since been introduced, including trientine and zinc salts, and have proven 

efficacious.13–17 Unfortunately, despite the fact that effective medical treatments have been 

available for over 50 years and can prevent a fatal outcome if patients are diagnosed early, 

clinically recognizing WD remains difficult because of its slow progression and the broad 

clinical spectrum of symptoms. Therefore, many patients still present with irreversible multi-

organ damage at the time of diagnosis.

Ideally patients should be recognized in the presymptomatic stage. There has been a 

consensus that the best way to achieve early diagnosis of WD before the onset of serious 

symptoms is through NBS.18–20 The current gold standard for diagnosis of WD includes 

multiple laboratory tests, such as copper determination in the urine and liver tissue, followed 

by confirmation with genetic testing of the ATP7B gene. These current diagnostic tools, 

however, are not suitable for large-scale screening.

With the discovery that CP was reduced in the majority (~85%) of patients with WD5,6,20, 

several methods were developed to measure CP, a proposed marker for WD, in DBS or urine 

using different analytical platforms such as a sandwich ELISA assay and an LC-MS/MS 

assay.19,21–25 Unfortunately, from the few pilot studies published measuring CP in infants or 

children, CP determination alone was insufficient to screen for WD because of high false 

discovery rates resulting from: (1) CP is physiologically low in some unaffected newborn 

babies, and (2) some heterozygote carriers for WD have reduced levels of CP. Pediatric 

screening around 3 years of age has been proposed in Japan but it is practically difficult to 

screen the entire population.26 Despite a strong need for more reliable markers and/or 

methods in order to meet the requirement for the universal screening of WD, no further 

developments have been made in attempting to screen for WD in recent years.

Most WD mutations have been shown to disrupt ATP7B stability, resulting in absent or 

diminished levels of the protein; thus, quantifying ATP7B levels has enormous potential in 

the screening of WD. There are more than 370 mutations reported worldwide27,28 most are 

rare and infrequent, except the two most common mutations, p.H1069Q (~37–63% of the 

white population) and p.R778L (57% of the East Asian population).8,29–31 In line with 
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previous observations for disease-causing missense mutations32–35, some WD-associated 

missense mutations including p.H1069Q and p.R778L resulted in a markedly decreased 

level of the ATP7B protein caused by enhanced degradation.31,36,37 Other prevalent 

mutations such as protein-truncating nonsense mutations (~13% of known point 

mutations)38 and frameshift mutations30 are predicted to result in the absence or decay of 

mRNA39,40 or a severely truncated protein, resulting in absent or diminished levels of the 

protein. Taken together, it is expected that most patients with WD would have absence or 

reduced levels of ATP7B. While these findings suggest absent or diminished ATP7B levels 

can be an indicator for WD, it has not been tested yet.

Targeted mass spectrometry, in particular Multiple/Selected Reaction Monitoring (M/SRM), 

has been used for rapid development of quantitative assays with high specificity, high-

throughput, precision, robustness41–45, and cross-laboratory (including international) 

transferability of SRM-based assays has been achieved.45 The combination of DBS with 

SRM is the standard analytical approach in clinical and/or NBS laboratories for a variety of 

small metabolites that accumulate as a result of inborn errors of metabolism.46,47 Although 

SRM is capable of quantifying proteins present in μg/ml and higher concentrations, many 

potential protein markers of greatest interest are often in the low ng/mL range. 

Quantification of proteins and peptides in complex samples (e.g. plasma) in the ng/ml range 

by SRM is challenging because of the complexity and large dynamic range of the matrix. 

The sensitivity of SRM is not sufficient to measure low abundance protein markers directly 

from DBS without an enrichment process, due to interferences from more abundant analytes 

present in the matrix.

In recent years, peptide immunoaffinity enrichment coupled to SRM (immuno-SRM) has 

emerged as a promising technique for the quantification of low abundance proteins in 

complex matrices.48–57 The benefits of immunoaffinity enrichment of the target peptide 

analyte from digests of complex samples are to greatly enrich the peptide of interest before 

LC-MS/MS, reducing ion suppression from background components and greatly enhancing 

the sensitivity of the method. Immuno-SRM has been successfully implemented to address 

the detection-limit challenges associated with measuring low-abundance protein biomarkers 

in the low- and sub-μg/L range in a wide array of studies.48–51,58–62

While the immuno-SRM technology has been demonstrated on clinical samples63,64, it has 

not yet been adapted for measuring low-abundance proteins from dried blood spots on filter 

paper. In this study, we proposed to evaluate ATP7B as a marker for WD. As proof-of-

concept, we investigated the immuno-SRM methodology and applied this assay to determine 

the concentrations of ATP7B in DBS from unaffected and WD-affected individuals. The 

results demonstrate that immuno-SRM is a high-sensitivity platform for DBS analysis of 

proteins in the low-picomolar range and ATP7B is a potential marker for screening WD in 

newborns.
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Experimental Procedures

Study approval

Blood samples involved in this study included a total of 13 WD patients and 12 healthy 

volunteers. Of these, 10 WD and 12 healthy subjects were from Seattle Children’s Hospital 

and 3 WD subjects were from Asan Medical Center in Seoul, Korea. All patients signed 

informed consent and all research procedures were approved by the institutional review 

boards of afore-mentioned institutions. Whole blood from each subject was collected in 

ACD (acid citrate dextrose) tubes. Dried blood spots were prepared by pipetting 70 μL 

blood/spot onto filter paper card (Protein Saver™ 903® Card, Whatman Inc, Piscayaway, 

NJ), and allowed to dry at room temperature overnight, and then stored in sealed plastic bags 

at −80 °C until use. Fifteen year-old DBS samples from proven carriers and affected patient 

from a previous study21 were retrieved from −20°C and tested as described.

Materials

ProteaseMAX™ Surfactant (#V2072) was purchased from Promega Corporation (Madison, 

WI). Proteomics grade trypsin, bovine serum albumin protein standard (200 mg/mL), and 

(3-[3-cholamidopropyl) dimethylammonio]-1-propanesulfonate)(CHAPS, #PI28300) 

detergent, ammonium bicarbonate (XX) were obtained from Sigma Life Science (St. Louis, 

MO). Acetonitrile (#A955) and water (#W6, LCMS optima grade), and formic acid 

(#PI28905), phosphate buffered saline (PBS, #10010-023) were obtained from Thermo 

Fisher Scientific (Waltham, MA). HepG2 cell line was obtained from the ATCC (Manassas, 

VA).

Generation of Immuno-SRM Assay Reagents

Rabbit polyclonal antibodies were produced by Pacific Immunology (Ramona, CA). 

Polyclonal antibodies were affinity purified from 25 mL of antiserum. Purified (>95% by 

HPLC) heavy stable isotope labeled peptides were obtained from Anaspec (Fremont, CA). 

For stable isotope-labeled peptides, the C-terminal arginine or lysine was labeled with [13C 

and 15N] labeled atoms, resulting in a mass shift of +8 or +10 Da, respectively. Aliquots 

were stored in 5% acetonitrile/0.1% formic acid at −20°C until use. The antibody was 

coupled and immobilized to 2.8 μm Protein G magnetic beads (#100-04D, Invitrogen, 

Carlsbad, CA) in a 1 μg antibody-to-2.5 μL of beads ratio. Briefly, 250 μL of the beads were 

added to 1.6 mL Eppendorf tubes and washed once with 250 μL of 1X PBS, followed by 

addition of 100 μg of antibody and 1X PBS + 0.03% CHAPS (#28300, Thermo Scientific) to 

yield a total 250 μL volume. The antibodies were allowed to couple to the beads overnight 

with tumbling at 4°C. The next day, the antibodies were immobilized onto the beads as 

follows (the work was performed in a fume hood). The supernatant was discarded and 250 

μL of freshly prepared 20 mM DMP (dimethyl pimelimidate dihydrochloride, #D8388, 

Sigma) in 200 mM triethanolamine, pH 8.5 (#T1377, Sigma) was added. The samples were 

tumbled for 30 minutes at room temperature and the DMP in triethanolamine was discarded. 

To quench the reaction, 250 μL of 150 mM monoethanolamine (#411000, Sigma) was added 

and the beads were tumbled at room temperature for 30 minutes. The antibody-beads were 

washed twice using 250 μL of 5% acetic acid + 0.03% CHAPS (5 minutes tumbling at room 

temperate each time), and washed once more using 250 μL of 1X PBS + 0.03% CHAPS. 
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The antibody-beads suspension was finally resuspended in 250 μL of 1X PBS and stored at 

4°C until use.

Trypsin digestion

From each DBS sample, twenty 3 mm punches (containing ~3.7 μl of blood per disc) were 

obtained with a standard leather punch, placed into a 1.7 mL microcentrifuge, followed by 

addition of 500 μL of 0.1% ProteaseMax in 50mM ammonium biocarbonate (pH 8). Tubes 

were vortex-mixed for 1 h on Eppendorf MixMate® (Eppendorf, Hamburg, Germany). At 

this point, aliquots were reserved for a Bradford assay. Disulfide bond reduction and trypsin 

digestion were performed in a single step with 2 M DTT and acetonitrile added to final 

concentrations of 5 mM and 15%, respectively. Trypsin was used in a 1:50 enzyme to 

protein ratio (w:w). The mixture was incubated in a 37°C water bath overnight. After a 10-

min centrifugation, the supernatant was transferred to a new tube, dried under a nitrogen 

stream, and stored at −80°C until use.

Peptide Immunoaffinity Enrichment and Liquid Chromatography-Mass Spectrometry

The DBS digests were resuspended in 1X PBS + 0.03% CHAPS to yield a 1 μg/μL nominal 

protein digest concentration. Next, approximately 2 mg of protein digest was combined with 

4.8 μg of the antibody (immobilized on beads) in each tube and tubes were incubated 

overnight at 4°C with tumbling. (The total capture volume was 500 μL.) The beads with 

immobilized antibodies and captured peptides were washed twice in PBS buffer + 0.03% 

CHAPS, washed once in PBS diluted 1:10, and peptides were eluted in 30 μL of 5% acetic 

acid/3% acetonitrile. The elution was frozen at −80°C until analysis. An Eksigent Ultra 

nanoLC 2D system (Eksigent Technologies, Dublin, CA) with a nano autosampler was used 

for liquid chromatography. The peptides were loaded on a trap column (0.3×5mm, C18, 

LCPackings, Dionex) at 10 μL/min and the LC gradient was delivered at 300 nL/minute and 

consisted of a linear gradient of mobile phase B developed from 2–40% B in 18 minutes on 

a 10 cm × 75 μm column (Reprosil AQ C18 particles, 3 μm; Dr. Maisch, Germany). The 

nanoLC system was connected to a hybrid triple quadrupole/ion trap mass spectrometer 

(6500 QTRAP, ABSciex, Foster City, CA) equipped with a nanoelectrospray interface 

operated in the positive ion SRM mode. Parameters for declustering potential (DP) and 

collision energy (CE) were taken from a linear regression of previously optimized values in 

Skyline.65 SRM transitions were acquired at unit/unit resolution in both the Q1 and Q3 

quadrupoles with 5 ms dwell time and 3 ms pause between mass ranges, resulting in a cycle 

time of 1.5 seconds. All samples were run in a blinded fashion.

Data analysis

All SRM data were analyzed using Skyline. The presence of multiple transitions and 

retention time alignment with standard peptides were manually reviewed to verify detection 

of the correct peptide analyte. Data were exported from Skyline for analysis and plotting. 

The amount of the peptide in each DBS sample was determined by calculating the ratio of 

the peak areas for the signature peptide to that of its labeled IS present at a known 

concentration.
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Method Assessment

Response curves were generated in a DBS matrix. The heavy stable isotope -labeled 

peptides were added to the tryptic digests of DBS covering the following concentrations: 

0.03, 0.13, 0.67, 3.35, and 16.77 fmol/uL. Three process replicates were prepared and 

analyzed at all concentration points. Repeatability was determined using two samples: (i) 

DBS from normal control and (ii) DBS pooled from two WD affected siblings. Complete 

process triplicates were prepared and analyzed on three independent days. Intraassay 

variation was calculated as the average CV obtained within each day. Interassay variation 

was the CV calculated from the average values of the three days. The stability of analytes in 

DBS was tested by using the same DBS card stored at room temperature and at −20°C for 0, 

3, and 7 days. For each DBS sample, samples were prepared in triplicate.

Results

Selection of target peptide

To develop a quantitative method for the quantification of ATP7B in DBS, candidate 

peptides for ATP7B were screened by in silico trypsin digestion, using criteria previously 

described44, followed by BLAST searching to ensure that the sequences are unique within 

the human genome. These peptides were screened using the tryptic digests of HepG2 cells to 

empirically determine which ATP7B peptides could be best detected and quantified by LC-

MS/MS. Several peptides were chosen based on the intensity of the extracted ion 

chromatogram and their fragmentation pattern in SRM mode. Data for the 4 most abundant 

peptides are presented in Table 1, and an example of full-MS and MS/MS spectra of ATP7B 

1056-1077 are shown in Figure 1. Affinity-purified, rabbit polyclonal antibodies were 

generated against all 4 peptides. Because the sequence for ATP7B 1056 is highly 

hydrophobic in the N-terminal region (the first five amino acids in particular), the shortened 

sequence, ATP7B 1061-1077, was used as a target for polyclonal antibody generation. While 

polyclonal antibodies for ATP7B 301 and 887 allowed very weak recovery of the peptides, 

ATP7B 325 and 1056 peptides showed recovery efficiencies ranged from ~50% to 70%. Of 

these two peptides, the ATP7B 1056 peptide was pursued further as a target peptide to 

quantify ATP7B in subsequent human samples because: (i) there was no background signal 

resulting from carrier peptides copurified with the antibodies49,50,66, and (ii) the most 

common mutation, p.H1069Q, occurs in this peptide, taking advantage of absence of this 

peptide in WD patient with p.H1069Q.

Quantification of target peptide by immunoaffinity peptide enrichment and LC-MS/MS

While ATP7B is highly abundant in several tissues including liver, kidney, and placenta67, it 

is known to present at very low abundance in white blood cells and it has also been observed 

in blood including lymphocytes and erythrocytes (gpmdb.thegpm.org). Thus, ATP7B 1056 

peptide was first analyzed in peripheral blood mononuclear cells (PBMC) to see if we could 

identify the peptide. Isolated PBMCs were lysed, digested by trypsin, and the ATP7B 1056 

immuno-SRM assay was used to enrich the peptide upstream of LC-SRM. A chromatogram 

of the sample eluate showing the ATP7B 1056 peptide identified in PBMC is shown in 

Figure 2. We next tested the feasibility of measuring ATP7B 1056 peptide in DBS. These 
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results show the feasibility of developing an assay in DBS, we then characterized and 

assessed the assay for use in DBS samples.

Assay Assessment

The linearity, imprecision, and stability of the assay was assessed by following fit-for-

purpose guidelines (detailed in the Experimental Section).68 The linear dynamic range was 

determined by generating a 5-point response curve using synthetic standard peptides. Three 

DBS samples for each concentration level were prepared to account for any variation in 

protein extraction from the DBS card. These samples were analyzed in the order of 

increasing concentration with one blank injection between different sample concentrations. 

The assay showed a linear response (r2 = 0.99) for all peptide amounts tested, spanning the 

peptide concentration of 27 to 16,765 pmol/L (0.7 to 417 femtomoles) (Figure 3). Results 

with a signal-to-noise ratio (S/N) < 10 were considered unreliable data. The low limit of 

quantification (LOQ) was estimated to be approximately 27 pmol/L based on the lowest 

concentration of the response curve (27 pmol/L) and patient sample #1 (29.5 pmol/L). The 

average CV was < 12% for the three replicates of DBS samples prepared and analyzed at 

each concentration level. The linear response with the high reproducibility shows constant 

protein recovery and protein digestion efficiency for the target peptide. We assessed intra- 

and inter-assay imprecision by the LC-SRM analysis of complete process triplicates 

prepared from a healthy subject and a pooled patient sample and analyzed on three 

independent days. The results are summarized in Table 2. Intra- and interassay imprecision 

from the normal control were 8.4% CV and 2.9% CV, respectively, suggesting high 

reproducibility of both sample preparation and the method of analysis. The assay 

imprecision from the pooled WD patients was not calculated because most peaks observed 

were below the LOQ. The stability data for the ATP7B peptide is presented in Figure 4. The 

ATP7B peptide was stable for at least 7 days in DBS at RT and −20°C.

Evaluation of ATP7B as a marker for early screening of WD

To determine if the chosen target peptide could be used as a screening marker for WD, a 

total of 25 DBS samples from 12 controls and 13 confirmed WD patients were analyzed in a 

blinded fashion for ATP7B. Representative SRM traces obtained from a healthy control and 

a WD patient are presented in Figure 5. The results are summarized in Table 3 and Figure 6. 

As shown, the assay readily distinguished affected from controls (p < 0.0001). While we 

were able to reliably detect endogenous ATP7B ranging from 105 to 708 pmol/L in normal 

controls, the analyte response from WD patients was either not detected or below 29.5 

pmol/L except a case, WD08. Of note, there was no ATP7B 1056 peptide detected in either 

of the WD patients who carried p.H1069Q mutation, as predicted. The case 8 presented with 

presumably alcoholic liver cirrhosis at the age of 56 years with history of chronic jaundice, 

ascites and hepatosplenomegaly. The copper content in the liver biopsy was marginally 

elevated at 116 mcg/g dry weight tissue (control <35 mcg/g), which prompted genetic test 

for ATP7B gene. She was found to carry one known pathogenic variant, p.Thr974Met and 

one variant of unknown significance, p.Ser391Leu in trans. Her 24 hour urine copper was 

normal at 17 mcg/24 hours, serum ceruloplasmin was within the normal range, and no 

Kayser-Fleischer ring was detected in her eyes. Given her clinical and biochemical 

evaluations, she was suspected presumably a carrier for Wilson disease, and the VUS was 
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predicted to be benign in nature. Her mildly elevated copper content in the liver tissue was 

considered most likely secondary to long-standing liver disease.

The levels of ATP7B 1056 peptide were determined to see if the assay can distinct between 

WD patients and proven carriers. Because of the high prevalence of carriers, it is important 

that a screening test should be able to limit or avoid carrier detections. A set of DBS 

specimens used for this test included a WD patient, two proven carriers (the WD patient’s 

mother and father), and two age-matched normal controls. These DBS had been stored at 

−20°C for approximately 15 years. The results are shown in Table 4. ATP7B 1056 peptide in 

the WD patient was markedly reduced compared to the two carriers and two age-matched 

controls. The levels of ATP7B 1056 peptide did not differ between the carriers and age-

matched controls. Of note, the levels of ATP7B from the WD patient and the four controls 

were in the range of the WD patients and the control groups tested in this study, indicating 

the protein in DBS could be stable for many years.

Discussion

WD is a progressive and fatal disorder that is treatable, where early detection can make a 

significant impact on disease outcome and even be life-saving. However, there is currently 

no suitable marker and method available for population screening. In this study, we: (i) 

propose ATP7B as a potential marker to screen WD, taking advantage of an absence or 

decrease in the amount of the ATP7B protein in most WD patients; (ii) provide a sensitive 

immuno-SRM assay for the quantification of ATP7B in DBS, demonstrating the feasibility 

of DBS/immuno-SRM formats for screening congenital disorders lacking marker proteins; 

and (iii) suggest our approach can be further applied to aid diagnostics in conjunction with 

clinical and other biochemical test results.

We were able to reliably detect endogenous ATP7B in DBS from normal controls in the 

range of 105–708 pmol/L. To our knowledge, the detection and quantification of ATP7B 

protein in DBS has never been achieved with any method before. In 12 out of 13WD 

patients, the amount of the deficient ATP7B was below the control range, suggesting 

feasibility of the use of ATP7B as a potential marker for WD. This approach is unique as 

most studies are looking for accumulated metabolites or markers, whereas this assay directly 

analyzes the affected protein. Although the number of samples tested in this study is quite 

limited, the results on the patients carrying two most common mutations (p.R778L and 

p.H1069Q) are promising and demonstrate feasibility of the immuno-SRM approach for 

mass screening.

The result on the case 8 highlights the use of this assay for those patients with ambiguous 

genetic or biochemical test results, which is not uncommon situation in the clinic. The 

variant of uncertain significance is not uncommon in ATP7B gene while there is no definite 

diagnostic test available. The diagnosis for WD could be challenging especially with those 

ambiguous or borderline results which could potentially lead to unnecessary treatment. Our 

result seems very promising in aiding the appropriate and accurate diagnosis in conjunction 

with other genetic and biochemical test results although further studies on many clinical 

samples are necessary.
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While the data presented in this study indicate the possible use of ATP7B in DBS for 

screening WD, we acknowledge that the findings are preliminary. Larger studies including 

both controls with proven carriers and patient samples with a broad mutational spectrum will 

be required to determine more accurate reference, disease ranges and cut-off. In addition, 

patient samples tested in this study are limited to children or adults, due to the difficulty of 

identifying newborn samples from affected patients. Although we expect no significant age-

dependence of its abundance, the effect of age on the level of ATP7B protein (in particular 

for newborns) is not known. As with all NBS assays, the implementation of this assay will 

need to be tested in the newborns and/or infants on whom the testing would be carried out.

As anticipated, there was no detectable ATP7B 1056 peptide in either of the WD patients 

who carried p.H1069Q mutation that occurs within this peptide. However, it can be argued 

that the absence of this peptide could be due to sequence variations (mutations/

polymorphisms) from presumed healthy subjects. This could be resolved by monitoring 

multiple peptides for each target protein, which will help ensure that negative results are 

truly negative. The reduced/absence of multiple peptides in a SRM assay could increase 

confidence of a negative result. This applies to the quantification of any protein to prevent 

underestimation due to single nucleotide polymorphisms and posttranslational 

modifications.

Due to the nature of the individual variants, measurement of a target protein, ATP7B, may 

not be sensitive enough to identify all affected individuals. For example, some patients with 

mutations that affect protein function/structure but not quantity may not be detected. One 

approach to address this limitation is the use of additional/secondary markers such as CP. 

When the primary marker shows ambiguous or undetermined result, the application of 

secondary markers can help improve both the sensitivity and specificity of the assay. It is 

important to note that the ability to measure multiple analytes in the same analysis would not 

require additional sample process and/or sample collection.

DBS offers many advantages such as a less invasive sampling, a simpler storage and an 

easier transfer. However, there are several variables that may affect how uniformly blood and 

analytes spread across the filter paper, influencing precision in quantitative analysis. These 

include the hematocrit values, blood volume spotted, and chromatographic effects. There are 

contradicting reports in the literature as to whether or not these variables have a direct 

impact on the precision of the analytical result.69,70 Note that, in our proof of principle 

study, we chose to reduce the effects of these variables by spotting the same volume of blood 

for all DBS samples used in experiments in this study and using nearly the entire blood spots 

for analysis.

The performance characteristics of our immuno-SRM assay were found to be compatible 

with expectations for clinical sample analysis. The inter-assay and intra-assay CV of ATP7B 

assay using DBS from a healthy control specimen were <10%, demonstrating that the assay 

is precise. The response curve was linear, with an R2 of 0.99 and the dynamic range from 27 

pmol/L to 16,765 pmol/L. The use of immuno-SRM also offers other compelling advantages 

with respect to NBS. These advantages include: (i) this assay can be multiplexed without 

loss of specificity and sensitivity, enabling simultaneous analysis of multiple proteins from a 
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single sample and a single injection, permitting greater statistical power to be achieved and 

robust cross-correlations to be made, and (ii) screening programs already have been using 

MS/MS technology, particularly SRM.

DBS are an attractive alternative to the collection of plasma or serum, particularly for NBS. 

Analytes are known to be more stable in DBS compared to those in plasma, blood, or other 

solutions71, likely because of the dehydration of the sample on the card and consequent 

minimization of chemical and enzymatic hydrolysis of the analytes71. Note that, in our 

bottom-up approach to quantify the protein, we focused on the integrity of the targeted 

peptide that serves as surrogates for the protein and not the intact protein itself. Our stability 

test showed that the ATP7B peptide is fairly stable in DBS for a week at room temperature 

and −20°C. Additionally, results from the ATP7B peptide from DBS stored at −20°C for ~15 

years were comparable to fresh samples, suggesting good long-term stability. Our data 

strongly suggest that peptides in DBS may be stable, opening up the possibility of 

application if immuno-SRM to NBS for testing for other genetic conditions such as primary 

immunodeficiencies or cystinosis.

While screening programs already utilize MS/MS technology for small molecules, immuno-

SRM for quantification of proteins is a novel platform in the clinical and NBS laboratories. 

The method for measuring proteins uses quite different procedures from measuring small 

metabolites. The assay requires a relatively large number of steps before LC-MS/MS: (i) 

proteolytic digestion of proteins in the DBS; (ii) immunoaffinity enrichment of target 

peptides; and (iii) MS/MS coupled with liquid chromatography. Although this is a relatively 

complex assay format, the implementation of robotic sample preparation for trypsin 

digestion and peptide enrichment and a robust chromatography configuration45 should 

enable this technology to advance into routine clinical analysis for thousands of samples.

A limitation for setting up an immuno-SRM assay may be the time required and likelihood 

of success in generating an anti-peptide antibody.66 Monoclonal antibodies (mAb) are 

preferable for clinical or screening assays, since they provide a renewable resource for long-

term supply with acceptable consistency and reproducibility. Some monoclonal antibodies 

outperform the polyclonal antibodies with increased recovery efficiency and sensitivity of 

the immuno-SRM assay.

Conclusion

We developed a novel, sensitive immunoaffinity LC-MS/MS assay for quantitative 

measurement of ATP7B levels in DBS. This study demonstrates the feasibility of the use of 

immuno-SRM to quantify ATP7B in DBS to screen for WD. To the best of our knowledge, 

this is the first published report of employing immuno-SRM strategy for measuring a 

clinically important, low-abundance protein in DBS. The described method opens up future 

opportunities for the analysis of other protein markers in DBS for many other life-

threatening congenital disorders that are currently not a part of the NBS.
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Figure 1. 
A, Mass Spectrum of heavy peptide 1056 for ATP7B and B, Tandem mass spectrum of the 

most abundant parent ion (M+3H). Abundant fragments are selected and optimized for SRM 

analysis. C, Total ion chromatogram (TIC) and SRM spectra of endogenous (top) and heavy 

(bottom) peptide 1056 observed in HepG2 cell extract. Chromatographic peaks overlap and 

SRM patterns are compatible.
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Figure 2. Extracted ion chromatograms for ATP7B 1056 peptide after peptide capture in normal 
PBMC
Top panel is a signature peptide found in the PBMC. Bottom panel is the isotopically labeled 

internal standard. Chromatographic peaks overlap, and SRM patterns are comparable. 

Transition labels refer to the precursor charge, fragment ion, fragment m/z, and fragment 

charge state.
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Figure 3. Response curve for ATP7B 1056 peptide
Curves are plotted for the sum of all transitions. The inset plot shows more detail of lower 

end of the concentration range. Error bars are the standard deviation of three process 

replicates.
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Figure 4. Stability of ATP7B 1056 peptide in normal control DBS at room temperature and 
−20°C for 0, 3, and 7 days
The data represent the average of three replicates. Dashed and solid lines represent ATP7B 

concentrations and percent difference, respectively. Error bars are the standard deviation of 

three process replicates.
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Figure 5. Extracted ion chromatograms for ATP7B 1056 peptide after peptide capture in DBS 
from (A) normal control and (B) WD patient
Top panel is a signature peptide found in DBS. Bottom panel is the isotopically labeled 

internal standard. Chromatographic peaks overlap and SRM patterns are comparable. 

Transition labels refer to the precursor charge, fragment ion, fragment m/z, and fragment 

charge state.
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Figure 6. Distribution of the levels of ATP7B in DBS from 13 WD patients and 12 normal 
controls
The bold black line indicates the median, the inner quartiles are represented by boxes, and 

the whiskers show 95% of the data.
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Table 1

List of candidate peptides.

Peptide Sequence Molecular weight Parent ion Daughter ions

ATP7B 301–313 YDPSCTSPVALQR 1435.7 718.8 579.8 (y11+2), 683.4 (y6), 871.5 (y8), 974.5 
(y9)

ATP7B 325–339 VSLPDGAEGSGTDHR 1496.7 499.9 599.8 (y12+2), 656.30 (y13+2), 729.33 (y7), 
858.37 (y8)

ATP7B 887–901 ATHVGNDTTLAQIVK 1566.8 523.3 558.4 (y5), 671.4 (y6), 772.5 (y7), 897.4 (b9)

ATP7B 1056–1077 VLAWGTAEASSE HPLGVAVTK 2134.2 712.4 827.4 (y17+2), 876.9 (y18+2), 926.5 
(y19+2), 966.0 (y20+2)

The ion type for daughter ions are in parenthesis.

J Proteome Res. Author manuscript; available in PMC 2017 August 29.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jung et al. Page 23

Table 2

Intra-assay and inter-assay imprecision of immuno-SRM assay for ATP7B 1056 peptide.

Sample Intra-assay, % Inter-assay, %

normal control 8.42 2.9

WD patient NA NA

NA, not applicable.
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Table 3

ATP7B 1056 peptide concentration in 13 DBS samples from WD patients.

Sample ATP7B 1056
(pmol/L)

Mutation

WD01 29.5 p.R778W and p.T977M

WD02 NDa p.H1069Q and p.R1319*

WD03 ND p.H1069Q and p.R1319*

WD04 ND not available at this time

WD05 ND p.R778L Homozygote

WD06 ND p.C2304_2305insc and p.L1083F

WD07 NAb p.R778L and p.A874V

WD08 244.8 p.Thr974Met and p.Ser391 Leu

WD09 ND p.R778G and p.K175S_fs/p.Q260P_fs

WD10 ND p.R778G and p.K175S_fs/p.Q260P_fs

WD11 ND p.R778L and p.E1064A

WD12 ND p.R778L and p.E1064A

WD13 ND p.H1069Q and p.Y1331Tfs*61

Controls (N=12) 320.9 ± 147.4

a
ND, not detected

b
NA, not applicable due to S/N <10
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Table 4

ATP7B 1056 peptide concentration in 15 year-old DBS.

Sample ATP7B 1056 (pmol/L)

WD patient 60.3

Carrier 1 (mother) 270.9

Carrier 2 (father) 251.4

age-matched NC 1 369.5

age-matched NC 2 452.6
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