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Abstract

Mass spectrometry-based proteome technologies have greatly improved our ability to detect and 

quantify proteomes across various biological samples. High throughput bottom-up proteome 

profiling in combination with targeted mass spectrometry method, e.g. selected reaction 

monitoring (SRM) assay, is emerging as a powerful approach in the field of biomarker discovery. 

In the past few years, increasing number of studies have attempted to integrate genomic and 

proteomic data for biomarker discovery. Here we describe how allele-specific peptide can be 

applied in biomarker discovery and their impact in protein quantification.

Introduction

Many studies have shown the strength of MS-based technologies in assisting discovery, 

verification and validation of clinical biomarkers. Due to the high complexity and large 

dynamic range of proteome in biological samples (e.g. plasma, cerebral spinal fluid, tissues 

et al.), a two-step strategy is popular for biomarker discovery. In the first discovery phase, 

quantitative bottom-up proteomics approach is utilized to identify differentially expressed 

proteins in normal and disease samples, using label-free or stable isotope-labeling methods. 

In the second phase, the candidate differential proteins are subjected to targeted protein 

analysis, using a more precise and reproducible MS method, i.e. SRM.

SRM is a mass spectrometry method, mainly performed on triple-quadrupole instruments in 

which two stages of mass filtering are used to increase selectivity (figure 1). In the first 

stage, a precursor ion of a particular mass is selected in Q1 (i.e. first quadrupole). The 

selected precursor undergoes fragmentation by collision with neutral gas in Q2 (second 

quadrupole). In the second stage, instead of monitoring all the possible fragment ions, only a 

small number of fragment ions are selected for detection in Q3 (third quadrupole). The 

specific pair of m/z values associated to the selected precursor and fragment ion is referred 

to as a “transition”. Multiple SRM transitions can be monitored in the same experiment by 

rapidly toggling between different precursor/fragment pairs, which is refered to as multiple 

reaction monitoring, MRM. To improve the precision of peptide quantification, a known 
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amount of stable isotope labeled standard peptides are frequently spiked into samples, and 

monitored synchronously. In such a case, signal ratios between endogenous and standard 

peptides are employed for peptide quantification.

SRM assay starts with selecting target peptides that act as surrogates for the quantification 

of protein of interest. To date, many efforts have been devoted to select peptides with 

favorable MS properties, as it affects the sensitivity of SRM assay. Numerous properties can 

affect the MS signal response of different peptides from the same protein, such as peptide 

hydrophobicity, charge, post-translational modification and structural properties. In general, 

information from prior experiments is used to identify peptides that are suitable for SRM 

assays. Publicly accessible databases that contain such peptides from prior proteomic 

experiments now exist, for example, PeptideAtlas[1], the Global Proteome Machine 

Database (GPMDB)[2], Pride[3] and genome annotating proteomic pipeline (GAPP)[4]. 

There are several excellent reviews on protein biomarker discovery and SRM-based 

proteomics [5, 6]. Here we will mainly focus on a specific set of peptides—allele-specific 

peptides—for protein quantification, and their impacts on biomarker detection.

An allele is one of a number of different forms of the same gene or same genetic locus. A 

dipoid organism contains two alleles on every gene, with one allele inherited from each 

parent. If both alleles are the same, they are homozygous on that gene; if the two alleles are 

different, they are heterozygous on that gene. A human population typically includes 

multiple alleles for each gene among various individuals. Therefore, for the same gene, 

different individuals might express different isoforms under the same circumstances, 

resulting from alternative splicing, nonsynonymous single nucleotide polymorphisms 

(nsSNPs), somatic mutations and other reasons. Peptides specific to the allele that alter the 

amino acid sequence of this peptides, i.e. allele-specific peptides, can be used to identify the 

expression of specific isoforms or to identify somatic mutations in biological samples.

Detection of protein isoforms for diagnosis and prognosis of disease

Most alleles result in little or no observable phenotypes. However, sometimes different 

alleles encode different protein sequences (i.e., different isoforms), resulting in observable 

phenotypic traits, such as skin, hair, and eye pigmentation [7]. Occasionally, some alleles 

have clinical impact in humans. For example, OAS1 (2’-5’-oligoadenylate synthase 1) is an 

essential protein involved in viral RNA degradation [8]. Mutation at SNP rs10774671 of 

OAS1 gene has been shown to alter OAS1 splicing, and to be associated with susceptibility 

to West Nile virus infection, where A allele compared to G allele results in lower total 

protein abundance, reduced OAS1 activity and higher virus accumulation in humans [9, 10]. 

Therefore, detection of total and isoform-specific peptides of OAS1 protein might provide a 

genetic risk factor for initial infection with West Nile virus in humans.

To date, most identifications of allele expression in biological samples have been carried out 

at transcript level, or even directly on the genome sequences. It is mainly due to the higher 

sensitivity and more well established nucleotide detection technologies, e.g. microarray, and 

high throughput next-generation sequencing technology [11, 12]. However, in terms of 

disease diagnosis and prognosis, human body fluids, e.g., plasma/serum, urine, saliva, and 
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cerebrospinal fluid, appear to provide several key advantages including low cost, minimum 

invasiveness, and easy sample collection and processing [13]. Since human body fluids are 

often lack of DNA and RNA, it makes proteomic technology a better alternative approach to 

identify and quantify allele expression in these clinical samples.

Several studies have been carried out to identify and quantify allele expression in human 

body fluids using SRM assay. Overgaard et al. quantified cardiovascular biomarker fibulin-1 

and its circulating isoforms in human plasma [14]. They used bioinformatics analysis to 

predict total and isoform-specific tryptic peptides, and quantified the absolute amount of 

total fibulin-1, isoform-1C and -1D using SRM assay combined with stable isotope dilution. 

They found fibulin-1C was the most abundant isoform in plasma, and circulating fibulin-1 

isoforms were homo or hetero multimeric complexes.

In another study, Simon et al. analyzed the absolute quantification of ApoE proteins in the 

plasma of Alzheimer’s disease (AD) patients [15]. Allelic polymorphism of the 

apolipoprotein E (ApoE) gene results in three protein isoforms (ApoE2, ApoE3 and ApoE4) 

that differ by only 1 or 2 amino acids [16]. One of the alleles, ApoE ε4, is a risk factor for 

developing Alzheimer’s disease (AD) [17]. However, using ApoE protein level in human 

body fluids as a diagnostic value to distinguish between AD patients and healthy subjects is 

of great controversy [18–20]. Simon et al. quantified an ApoE4-specific peptide and a 

peptide common to all ApoE isoforms by SRM assay in a case-control study (n=669); they 

found that neither total ApoE and ApoE4 levels nor the ApoE/ApoE4 ratio correlated with 

the diagnosis of AD[15]. Their study reinforced that plasma ApoE levels had no obvious 

clinical significance.

Detection of mutant proteins in cancer

In addition to inherit from parents, new variation, through DNA mutations, can occur and 

accumulate in somatic tissues during development and aging, generating genome mosaics. 

Somatic mutations are generally random, most of which have either no effect or an adverse 

effect. These events are known to cause disease in humans, especially cancer.

The detection of proteins encoded by mutant genes is often performed using antibody-based 

immunoassays. However, a large number of disease-causing mutations are missense 

mutations, which alter the encoded proteins slightly, often by only a single amino acid. To 

generate antibodies that distinguish a mutant protein from wild type protein can be difficult. 

Wang et al. use mass spectrometry to detect and quantify peptides expressed from normal 

and mutant Ras protein in both cultured cancer cell lines and clinical specimens[21]. They 

showed that the altered Ras protein products resulting from somatic mutations can be 

identified directly and quantified by SRM-based method. They demonstrated that it is 

possible to quantify the number and fraction of mutant Ras protein present in cancer cell 

lines as well as in clinical specimens such as colorectal and pancreatic tumor tissues and 

premalignant pancreatic cyst fluids[21]. This study showed the advantage of SRM-based 

method relative to an antibody-based assay to detect mutant proteins, and its potential usage 

for cancer diagnosis.
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Recently many studies have been carried out to identify somatic variants across thousands of 

tumours using the latest genome sequencing and analysis methods [22–24]. These efforts 

have revealed a wide spectrum of mutations that appear to be specific to various cancer 

types. Targeted mass spectrometry is capable of monitoring mutant peptides in complex 

biological samples with high sensitivity and specificity. In the future, it might be possible to 

combine the known gene mutations of various cancers with the power of multiplex SRM, in 

order to quantify mutant peptides that are highly specific for cancer.

Impact in protein quantitative trait loci (pQTL) mapping

To date, a number of successful studies have been done to identify genomic loci that are 

associated with transcript levels, termed expression quantitative trait loci (eQTLs) [25–27]. 

In these studies, global transcript levels are often monitored to quantify gene expression in a 

cohort. The transcript levels are then tested for correlation with DNA variants, i.e. 

genotypes. This systems genetic approach provides useful information into the flow of 

biological information[28], and is greatly facilitated by the recent development of high 

throughput next-generation sequencing technology[11]. However, variation in transcript 

level is not a perfect surrogate for protein expression, as the latter is influenced by an array 

of post-transcriptional regulatory mechanisms. Because of this, the correlation between 

mRNA and protein levels is generally modest [29]. Therefore, it is beneficial to integrate 

proteome profiling with genetic variation in a large cohort to provide novel information for 

understanding the underlying molecular mechanisms.

Currently, very few pQTL ((i.e., genetic loci impacting protein expression) studies have 

been performed compared to eQTL studies. Recently our group used isobaric tag-based 

quantitative mass spectrometry to determine the relative protein levels of 5,953 gene 

products in sequenced lymphoblastoid cell lines (LCL) from 95 diverse individuals [9]. We 

observed that a large part of variants controlling protein levels are linked to SNPs which 

either themselves result in an altered amino acid sequence of the protein or are in high 

linkage disequilibrium (LD) with a nsSNP (data not published).

One technical concern is that it is not always straightforward to assign peptides to the actual 

protein. In a conventional bottom-up proteomics, proteins are grouped together following 

parsimony principle, in which the minimum set of proteins that account for all the observed 

peptides are reported. For example, if protein A is identified with three peptides, protein B 

with two of those same peptides, and protein C with the other one, it groups protein A, B 

and C, assuming that only protein A is present. For protein quantification, only peptides 

unique to each group are used. Therefore, by this approach, if various isoforms are observed 

in the same sample or dataset, allele-specific peptides will be selected to distinguish 

different isoforms and used for protein quantification. When testing these isoform levels for 

their correlation with genetic variants, these proteins are likely to be significantly linked to 

the SNPs which alter allele-specific peptide sequence or in LD with the causal SNPs.

For example, in our study, two isoforms of Torsin-1A-interacting protein 1 (TOR1AIP1) 

were detected. These two isoforms only differ by one amino acid deletion, which is caused 

by a SNP, rs2245425. If we used allele-specific peptides to quantify these two isoforms, 
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both isoform levels are significantly associated with this causal SNP, and the levels of these 

two proteins are anti-correlated with each other (figure 2). In this case, we actually detected 

allele-specific expression from TOR1AIP1 gene, instead of detecting regulation of total 

TOR1AIP1 protein level.

Such a phenomenon has also been observed by other groups. Johansson et al identified and 

quantified the abundance of 1,056 tryptic-digested peptides, representing 163 proteins in the 

plasma of 1,060 individuals using high throughput mass spectrometry [30]. They performed 

cis-pQTL analysis, and found that about half (5/11) of the associated SNPs either 

themselves result in an altered amino acid sequence of the peptide or are in high LD with a 

nsSNP located in the same peptide region.

Therefore, for pQTL analysis, those allele-specific peptides should be excluded from 

quantifying protein levels that represent total gene expression. Nonetheless, much 

information can still be obtained from this type of experiment. For example, allele-specific 

peptide expression can be tested for correlation with other phenotypes, such as clinical trait, 

to identify protein isoforms that may contribute to the clinical phenotypes. In addition, 

association test between allele-specific peptide expression and intro-gene SNPs can be used 

to validate gene mutation and predicted splicing site. These types of studies complement 

RNA-seq analysis on discovering novel transcripts.

Conclusions and future prospects

Due to the complexity of proteomes, the current available human proteome database does 

not cover all the existing isoforms and mutations in human populations. In a clinical cohort 

study, if researchers are not aware of peptide allele specificity and use them for total protein 

quantification, it might affect the accuracy of protein abundance measurements. Researchers 

might observe discordance between the abundance levels of allele-specific and non-specific 

peptides from the same protein. This impact is especially important for SRM assay, as 

frequently only one or a few peptides per protein are used as surrogates to quantify the 

abundance level of target protein. Therefore, it is useful to integrate genomic data with 

proteomic profiling.

Facilitated by the decreasing cost of producing large volumes of DNA sequence data, it has 

become possible to perform genomic and proteomic analysis from the same samples. 

Therefore, making genetic data broadly accessible to everyday bench scientists who perform 

proteomic study is useful. Currently, the genome locations of MS identified peptides have 

been incorporated in SRM experiment libraries, e.g. PeptideAtlas. It will be desirable to also 

include the annotated genetic variants and their population distributions for the same peptide 

region in the libraries, which can be display on browsers and quickly scanned for allele 

specificity. Such a database should be useful for the proteomics community to select and/or 

exclude allele-specific peptides for SRM assay.
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Abbreviations

nsSNP nonsynonymous single nucleotide polymorphisms

pQTL protein quantitative trait loci

eQTL expression quantitative trait loci

LCL lymphoblastoid cell lines

LD linkage disequilibrium
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Figure 1. Schematic diagram of LC-SRM assay in a triple quadruple mass spectrometer
Peptides were separated by liquid chromatography. The eluent from LC column went into a 

triple quadruple mass spectrometer for on-line SRM monitoring. Precursor ion of a 

particular mass is selected in Q1. The selected precursor undergoes fragmentation by 

collision with neutral gas in Q2. Fragment ions with a specific m/z value are selected for 

detection in Q3. The intensity value (i.e. peak area under curve) represents quantitative 

peptide signal.
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Figure 2. Correlation between TOR1AIP1 isoform levels and their association with rs2245425
Two TOR1AIP1 isoforms were identified and quantified by isobaric tag-based quantitative 

mass spectrometry method in 95 LCLs. Two isoforms are differed by only one amino acid 

deletion, which is altered by single nucleotide polymorphism at rs2245425. Peptides unique 

to each isoform are used to quantify the abundance levels of these two isoforms, 

respectively. Then the isoform levels are tested for SNP association, respectively. Both 

isoforms are significantly associated with rs2245425. In addition, they are anti-correlated 

with each other.
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