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Abstract

Type 2 diabetes (T2DM) is an important risk factor for cardiovascular disease (CVD)—the

leading cause of death in the US. Yet not all subjects with T2DM are at equal risk for CVD

complications; the challenge lies in identifying those at greatest risk. Therapies directed towards

treating conventional risk factors have failed to significantly reduce this residual risk in T2DM

patients. Thus newer targets and markers are needed for the development and testing of novel

therapies. Herein we review two complementary mass spectrometry-based approaches—Mass

Spectrometric Immunoassay (MSIA) and tandem mass spectrometry as multiple reaction

monitoring (MRM)—for the analysis of plasma proteins and post translational modifications

(PTMs) of relevance to T2DM and CVD. Together, these complementary approaches allow for

high-throughput monitoring of many PTMs and the absolute quantification of proteins near the

low picomolar range. In this review article, we discuss the clinical relevance of the HDL proteome

and Apolipoprotein A-I PTMs to T2DM and CVD as well as provide illustrative MSIA and MRM

data on high density lipoprotein (HDL) proteins from T2DM patients to provide examples of how

these mass spectrometry approaches can be applied to gain new insight regarding cardiovascular

risk factors. Also discussed are the reproducibility, interpretation and limitations of each technique

with an emphasis on their capacities to facilitate the translation of new biomarkers into clinical

practice.
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1 Introduction

1.1 An Unmet Clinical Need in Diabetes and Cardiovascular Disease

Nearly 70% of the deaths attributed to type 2 diabetes mellitus (T2DM) are a result of

cardiovascular events with the majority due to coronary artery disease [1]. Life expectancy

for people with type 2 diabetes decreased by 5–10 years and adults with T2DM have an

annual mortality of about 5.4%, which is double the rate for non-diabetic adults [2]. The

mechanism(s) behind the association between T2DM and cardiovascular events is not

clearly defined. As such, a significant need exists for the identification of causal molecular

risk factors as well as assays to predict, characterize and monitor T2DM and associated

comorbidities and outcomes. This underscores the value of early and accurate detection, and

the importance of accelerating the rate at which new candidate therapies are entering clinical

trials. Recent trials on the treatment of T2DM and the risk of cardiovascular disease reveal

the need for a better molecular-level understanding of the complexity of these conjoined

diseases. In particular, reports from several major studies over the past few years have found

that intensive glucose lowering alone does not reduce cardiovascular disease (CVD)

outcomes in diabetic populations [3–6]—indicating that therapeutic measures beyond

glucose control are needed. Likewise, more recent findings by the ACCORD Study group

showed that combined aggressive improvements in glucose, lipid and blood pressure levels

did not demonstrate reduction of CVD outcomes [7, 8].

For the drug development industry, these important findings have precipitated a paradigm-

shifting FDA Guidance to Industry regarding the development of antidiabetic therapies [9].

Now, in addition to demonstrating efficacious lowering and maintaining of blood glucose

levels [using conventional glycated hemoglobin (HbA1c) as a marker], new antidiabetic

drugs must be concurrently evaluated (during and after development) for CVD risk.

Accordingly, there is an immediate and urgent need for the development of prognostic

biomarkers that better predict CVD risk and provide early and accurate indications as to the

efficacy of new T2DM treatments to modify CVD risk.

1.2 Clinical Relevance of High Density Lipoprotein as a Biomarker for CVD in Diabetes

Lipoproteins are lipid rich particles responsible for transporting lipids, fats, cholesterol and

other insoluble biomolecules such as fat-soluble vitamins. These particles can be classified

into five major groups as (from smallest-to-largest) high density lipoprotein (HDL), low

density lipoprotein (LDL), intermediate density lipoprotein (IDL), very low density

lipoprotein (VLDL), and chylomicrons. In terms of cardiovascular disease, the most studied

lipoproteins are HDL and LDL, commonly referred to as “good” and “bad” cholesterol,

respectively. Low HDL and high LDL have been linked to increases in CVD events.

However, as Navab et al point out [10], as many as 40% of individuals experiencing a

cardiovascular event have HDL and LDL cholesterol levels that fall within the normal

range. Notably, Kontush and Chapman [11] pointed out that the functions of HDL can be
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impaired under the hyperglycemic and oxidative stress conditions frequently found in

diabetic patients.

Functionally, HDL plays several roles in CVD. The major atheroprotective role involves the

removal of free cholesterol from peripheral tissues and its transport to the liver for excretion

through the reverse cholesterol transport (RCT) pathway [12]. HDL also has anti-

inflammatory and anti-oxidant effects that may impact the progression of atherosclerosis in

the context of diabetes [13]. The ability of HDL to exert some of its anti-inflammatory

functions may be related to the proteomic composition of certain HDL particles. For

example, HDL protects against LDL oxidation—a function that is possibly related to its

Apolipoprotein A-I (apoA1) content [14, 15]. Additionally, Green et al have shown that

Apolipoprotein J (apoJ, a.k.a. clusterin) in HDL is enriched after niacin therapy [16], a

medicine associated with decreased progression of atherosclerosis. Yet, as highlighted by

Navab, HDL from subjects with CVD is believed to be inflammatory, increasing monocyte

chemotactic activity [17]. Some HDL particles also carry serum amyloid A (SAA – in the

forms of SAA1, SAA2 and SAA4), proteins known to elicit an inflammatory cascade by

facilitating the binding of HDL to vascular proteoglycans [18]. Given that HDL can mediate

both pro and anti-inflammatory effects, the HDL proteome appears to be a promising target

for the discovery of biomarkers related to CVD in the context of T2DM, and is discussed as

an example of how proteomic approaches can further elucidate the complexities of CVD risk

factor discovery.

2 The Application of Proteomics to Apolipoprotein A-I and HDL

In this review article, we focus on an emerging two-pronged approach for the discovery and

development of new prognostic biomarkers of CVD risk. The first approach focuses on the

relative abundance of posttranslational modifications (PTMs) of targeted proteins. The

second approach concentrates on discovery followed by multiplexed absolute quantification

of well-defined protein and peptide targets vis-à-vis tandem mass spectrometry-based

multiple reaction monitoring (MRM). Focusing on apolipoprotein A-I (apoA1) and HDL

constituents as examples, we highlight mass spectrometric immunoassay (MSIA) and MRM

as synergistic mass spectrometry-based approaches to top-down (intact protein-level) and

bottom-up (peptide surrogate-based) proteomics, respectively, that are poised to establish a

pathway for translating biomarkers of T2DM and CVD into clinical practice. Prior to a

discussion on HDL proteomics, a brief overview of existing methods for HDL isolation is

warranted:

2.1 Isolation of HDL for Proteomic Studies

There are four major ways to isolate HDL for proteomic experiments—all of which have

been described [19] or reviewed [20] elsewhere. The most established method is by density

which confers the name of high density lipoprotein. This is accomplished by the use of

sequential ultracentrifugation. HDL lies between a density of 1.06 and 1.21 g/mL. In this

density range, two subfractions exist, the denser HDL3 (1.12 - 1.21 g/mL) and the less the

dense HDL2 (1.06 - 1.12 g/mL). Most of the HDL proteins reside in the HDL3 subfraction.

A second common approach is to separate HDL by size (6–15 nm). This can be achieved by

gel filtration, native PAGE and NMR (non-physical separation). A third approach is to
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fractionate HDL by charge, into preβ, pre α and α. This can be done using agarose

electrophoresis, isoelectric focusing or anion exchange. Notably, the preβ HDL fraction

serves as the initial acceptor of cholesterol in the efflux process. Finally, HDL can be

isolated by its protein content—which is predominately apoA1 and apoA2. Isolation is

accomplished through antibody affinity [20, 21] or, for apoA2, sulfhydryl covalent

chromatography.

There is no real concordance between the different HDL techniques. For example, HDL3

contains apoA1 and apoA2 as well as preβ, and α particles. Thus, these separation

techniques are based on physico-chemical properties and not HDL function. These

techniques and the concerns of using one particle method are well addressed by Gordon et al

[19].

Among the different methods to isolate HDL, we focus this review on two high throughout,

reproducible techniques. These are the isolation of HDL proteins by ultracentrifugation for

MRM, and MSIA (i.e., affinity pipette-tip based extraction) of individual HDL proteins.

MSIA can be applied to any HDL protein, but we focus our discussion here on HDL’s major

protein apoA1. Given longer sample preparation times and reproducibility challenges, the

other methods described above for HDL isolation are more suitable for discovery

proteomics rather than population studies.

2.2 Prong 1: Expanded Molecular Definition of HDL Proteins

Conventionally, HDL has been described as a composite of a limited number of

apolipoproteins, with apoA1 (a ~28 kDa, monomeric protein) accounting for approximately

70% of the protein composition of the lipoprotein particle [15, 22]. Several studies in the

past decade, such as those by Shao et al and Zheng et al [23, 24], have demonstrated that

PTMs of apoA1 are of functional significance. In particular, Shao et al demonstrated that

Met oxidation is associated with reduced cholesterol efflux activity [25], which is believed

to be a main athero-protective mechanism of HDL function. But apoA1 also acts as a

cofactor for lecithin cholesterol acyltransferase (LCAT), a critical early enzyme in the RCT

pathway which catalyzes the conversion of free cholesterol to cholesterol ester, making it

sufficiently hydrophobic to enter the HDL particle [26]. As shown by Nobecourt et al and

Park et al [27–29], modifications of HDL, such as glycation of apoA1 inhibits the ability of

apoA1 to act as a cofactor for LCAT, reducing the RCT pathway’s ability to function

properly.

Additionally, enhanced oxidative stress in T2DM increases lipid peroxides (from fatty acid

oxidation) in lipoproteins. In 1998 two reports by Garner et al [30, 31] showed that apoA1

directly reduces lipid peroxides with the concomitant oxidation of its Met residues. At low

levels of oxidative stress, the oxidative damage to apoA1 in this process does not impede the

protein-protein interaction with LCAT. However, Shao and co-workers [32] showed that

apoA1 ceases to be a cofactor for LCAT, reducing the activity of LCAT to 20% of normal

activity in conditions of high levels of oxidative stress in vitro. Of equal interest, when

exogenously administered, the genetic variant apoA1 Milano (which codes for an

Arg173Cys protein mutation) is protective against CVD [33]. Thus, the study of

microheterogeneity present in a single constituent of HDL (i.e., different isoforms of apoA1)
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presents a significant (and biologically well-founded) opportunity for investigating changes

in HDL related to T2DM and CVD. Moreover, similar phenomena may hold true for other

HDL proteins and other lipoproteins.

In T2DM, the attenuated anti-oxidant capacity of apoA1 and the loss of its ability to act as a

cofactor for LCAT in vivo may be due to physical damage to the apoA1 protein molecule.

This may be one explanation as to why a significant portion of patients experiencing

cardiovascular events have a “healthy” concentration of HDL cholesterol [10]. As such,

there is a significant interest in the lipoprotein research community to evaluate and develop

markers of CVD based on qualitative changes in the apoA1 protein molecule such as

oxidation, glycation, truncation and other PTMs.

2.2.1 Mass Spectrometric Immunoassay and PTMs—Mass spectrometric

immunoassay (MSIA) [21, 34–64] represents a high throughput means by which to identify

and quantify such molecular variants. MSIA is based on the isolation of analytes from

biological milieu by immobilized antibodies, followed by analysis using mass spectrometry

—i.e., immunoaffinity capture in front of mass spectrometry (Figure 1). This general

approach to protein analysis was pioneered by Nelson and colleagues in the mid 1990’s and

has been modified and adapted by others into various differential forms, e.g., SISCAPA [65]

and iMALDI [66]. The specificity of this approach comes from a combination of antibody

selectivity paired with medium-to-high resolution mass spectrometry-based protein

identification and quantification. The high-value information content provided by the mass

accuracy of modern mass spectrometers (i.e., single Dalton-level mass accuracy on intact

proteins) is hard to overstate and is best explained in practical terms: When immunoaffinity

approaches are employed to isolate intact proteins prior to mass spectral analysis (i.e., using

a top-down approach), most single amino acid- and post-translationally modified variants

can readily be determined and quantified [21, 34–38, 42,44–64]—(PTMs with a relative

abundance under 1% notwithstanding.) In fact, as illustrated below with apoA1, in some

cases it is possible to discern both genotype and protein phenotype in a single analysis [21,

55, 56, 58] (Figure 2).

The benefit of using mass spectrometry as a detection modality as compared to ELISA, RIA

and other immuno-recognition based assays is that the output data are qualitative in nature—

i.e., able to detect known variants, and discover new variants with similar immuno-reactivity

simultaneously—and do not indiscriminately quantify all immuno-reactive protein isoforms

captured by the antibody under the heading of a single, nominal protein. (Approaches that

lack this degree of specificity miss molecular variants that can possess unique biological

function). For example, in Figure 1, the intensity of the first mass spectral peak relates

directly to the quantity of native/unmodified target protein present. But, in contrast to

ELISA, any qualitatively distinct forms of the analyte protein (at least in terms of molecular

weight) are quantified in a separate register (i.e., different m/z value). Notably, no

specialized antibodies are required as part of this process; in practice, off-the-shelf

monoclonal and/or polyclonal antibodies with the highest available binding affinity (lowest

empirical equilibrium dissociation constant, Kd) are employed. Overall, the process may be

envisioned as an ultra-high resolution western blot that can be run in high throughput.
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The reproducibility of MSIA and MRM-based MSIA for both absolute quantification as

well as semi-quantification (in which the relative percent abundance of variant forms is

determined) is in line with mass spectrometry-based assays of small molecules that are

routinely employed in the clinic—i.e., less than 20 % CV and often much better [59–61, 67–

69] (see also Supporting Information Figure 1).

In practice the primary limitation of immunoaffinity capture-based techniques such as MSIA

lies in the availability of high quality antibodies. Antibodies must not only possess a low Kd,

but must be highly purified. For polyclonal antibodies this means immunogen-based affinity

purification and, for monoclonal antibodies, this means at least Protein A or Protein G-based

affinity purification. Also, formulation buffers must not contain functional groups that

would compete with the covalent binding of antibodies to the immobilization surface so, for

example, antibodies formulated in buffers containing non-antibody amino groups (e.g., Tris

or carrier proteins) cannot be used when coupling antibodies to carboxyl-functionalized

MSIA tips using carbonyldiimidazole or carbodiimide chemistry.

When these pre-requisite conditions are met, it is possible to successfully analyze proteins

over a wide range of concentrations by MSIA and related techniques: from albumin at ~40

mg/mL to numerous medium abundance proteins (µg/mL range) [70], to angiotensin I and

angiotensin II (low ng/mL) [71, 72], all the way down to parathyroid hormone (PTH) [68]

(~30 pg/mL) and B-type natriuretic peptide (BNP) [42] (~10 pg/mL), with individual variant

forms of PTH and BNP quantifiable in the single-digit pg/mL range. (Notably, however,

quantification of the relative abundance of intact protein variants is limited by the overall

signal-to-noise ratio of the mass spectrum. In this case, the limits of detection (LODs)

typically range from 0.5 to 1%. This means that some PTMs may not be detected due to low

relative abundance.)

The cases of PTH and BNP indicate the future direction of MSIA-related development:

identification of individual variant forms of clinically relevant proteins followed by

development of variant-specific quantitative assays for those forms with potentially

distinctive clinical impact.

2.2.2 MSIA Applied to ApoA1—MSIA targets specific protein molecules—e.g., apoA1

—it does not target HDL or the HDL complex per se as HDL is a molecularly ill-defined

biological entity. If the target protein exists as part of a larger non-covalent protein complex,

the rinses that take place following affinity capture are designed to ensure that binding

partners are removed prior to mass spectral analysis. Niederkofler et al first utilized MSIA to

investigate apoA1 (and other HDL apolipoproteins) using MALDI-MS [73]. At 28 kDa,

however, the 16 Da mass shifts imparted to the apoA1 protein molecule by sulfoxidation of

Met residues cannot be resolved by most commercially available MALDI instruments. For

technical reasons outside the scope of this article, the electrospray ionization (ESI) process

overcomes this loss of resolution, allowing for detection of small mass changes (e.g., due to

oxidation) to intact proteins above ~25 kDa in mass.

The major methodological techniques for linking antibodies to pipette tips and performing

MALDI- [21, 34–54, 59–64] and ESI-based [55–58, 69] MSIA on human plasma samples
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have been described in detail in the literature. The specific details of the methodology that

was employed to generate the additional illustrative MSIA data presented herein can be

found online in Supporting Information.

ApoA1 contains three Met residues; as such, each molecule of apoA1 may contain 0, 1, 2, or

3 oxidized Met residues (Figure 3). The relative distribution of apoA1 in each of these 4

oxidation states can readily be determined with an apoA1 ESI-MSIA. This degree of

analytical clarity affords the expression of a unique measurement of apoA1 oxidation which

we call total [Met] oxidation capacity. This term refers to the observed percentage of

maximum Met oxidation—i.e. the case in which all three Met residues of the apoA1 are

oxidized to sulfoxides. To calculate percent total oxidation capacity, the mass spectral peak

areas of native (unoxidized), singly, doubly, and triply oxidized apoA1 are multiplied by 0,

0.33, 0.66, and 1, respectively, before normalizing for total apoA1 peak area. We view this

as a useful metric by which to quantify apoA1 oxidation in future studies of samples from

clinical diabetes trials.

A portion of the data that we have collected to date using this assay were published by the

Nelson group in 2011 as part of a multivariate study of protein heterogeneity in patients

ranging from nominally healthy to T2DM to T2DM with heart disease (congestive heart

failure, CHF) [57]. In general, the charge deconvoluted mass spectra observed for apoA1

reveal a base peak (most intense peak) at 28,079.8 ± 0.5 Da (SE) that corresponds well to

the calculated protonated mass of unmodified apoA1 at 28,079.6 Da (Figure 3). In addition

to this main peak, two other peaks at 27,951.8 ± 0.8 Da and 28,242.1 ± 0.7 Da are identified

on the basis of mass as C-terminally truncated des-Gln243-apoA1 [73] (calc. MH+
avg =

27,951.4 Da) and non-enzymatically glycated apoA1 (calc. MH+
avg = 28,241.7 Da).

Consistent with these assignments, oxidation of apoA1 was found superimposed on all 3

forms of apoA1 as a series of zero to three +16 Da mass shifts (Figure 3).

Rare heterozygous genetic variants in which a change in amino acid sequence introduces a

+30 Da mass shift into half of the mass spectral signal (Figure 2) constitute ~1% of the

samples from the general population that we have analyzed to date. Table 1 summarizes a

cross-section of the apoA1 ESI-MSIA data published as part of a multivariate dataset in

2011 [57] and includes additional data on apoA1 glycation. Though the clinical relevance of

these variant forms of apoA1 has yet to be determined, it is clear that the data provided by

ESI-MSIA generate unique insights into the inner workings of this important HDL protein.

2.3 Prong 2: Expanded Definition of HDL Protein Composition and Subsequent
Quantification

Recent proteomic studies have increased the compositional description of the HDL

proteome significantly beyond the traditional concept of an HDL particle. For example,

Vaisar et al [74] not only demonstrated both a remarkable diversity of proteins and peptides

identified within HDL, but also reported a high representation of proteins involved in non–

lipid transport functions, including acute phase response, complement regulation,

proteolysis, and coagulation. Using peptide spectral counts and extracted ion

chromatograms, they noted a trend for an increase in Apolipoprotein E (apoE), paraoxonase

1 (PON1), Complement C3, Apolipoprotein L-I (apoL1) and Apolipoprotein C-IV (apoC-
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IV) in the HDL particles of subjects with CVD; and HDL enriched in apoJ in healthy

controls.

As a follow-on to these discovery studies, we have explored the protein composition of HDL

using Multiple Dimensional Protein Identification Technology “MudPIT” (LC-LC-MS/MS).

Using this approach, we isolated HDL from a control subject, proteolytically digested one

microgram, and fractionated it with separate strong cation exchange (SCX) and reversed

phase (RP) columns as part of an exploratory LC-LC-MS/MS run (details on methodology

are described online in the Supporting Information). In excess of 60 proteins were identified

as part of the HDL complex (Table 2), which is in good agreement with Vaisar et al [74].

However, after such discovery-oriented analyses, the subsequent challenge for conventional

proteomics lies in studying these HDL-complexed proteins in large population cohorts.

2.3.1 MRM in Protein Quantification—By design, mass spectrometry-based MRM

approaches are naturally suited to such high-throughput, high specificity analyses—and have

been used in this mode for over 15 years to quantify small molecules. Additionally, MRM

offers high dynamic range and the ability to quantify up to 100 targets (peptides) in a single

run. As demonstrated by Kuzyk, Yocum and others [75, 76], MRM has emerged at the

forefront of quantitative proteomics as a viable approach for quantifying proteins of

moderate to low concentration in plasma.

A prerequisite of the approach is that the peptide targets of interest and their optimal mass-

specific gas-phase molecular fragmentation transitions must be known. These targets can be

determined empirically using discovery-based shot-gun proteomic data, and/or

computationally using algorithms designed around optimal digest and (electrospray)

ionization probabilities (e.g., as demonstrated by Lopez et al [68]). Moreover, site-specific

PTM’s may be included in the quantitative profile—either having been directly observed

during previous analyses (e.g., via MSIA or other efforts directed toward qualitative

discovery), or anticipated through causal biological pathways. Notably, as described by

Abbatiello et al [77], there is ongoing effort across different laboratories to define

comprehensive lists of MRM peptide transitions for specific applications.

2.3.2 MRM Data Qualification and Analysis—Quantitative MRM experiments may be

conducted after the transition list has been optimized, selecting at least three transitions per

peptide target with the corresponding transition-specific instrument settings. In practice,

chromatographic co-elution of the three peptide-specific transitions provides verification

that observed signals are indeed genuine. The most sensitive and/or specific transition is

typically employed for quantification with the other two transitions serving as “qualifier”

transitions. Analyte quantities are determined by dividing the chromatographic MRM peak

area of the target peptide by that of an exogenously added stable isotope standard (SIS)

peptide analog. Absolute quantification is made possible by creating standard curves to

accompany each batch of samples.

The sensitivity of MRM-based analysis for ~ 50 unenriched, medium to high abundance

plasma proteins (many of which may be carried on HDL) with limits of quantitation,

recovery and linearity has been published by Kuzyk et al [78] and by Anderson and Hunter
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[70]. In this approach a standard sample is diluted several fold to generate a range of analyte

concentrations. These concentrations are combined with SIS peptide mixtures added at the

same concentrations anticipated for their naturally occurring in vivo counterparts. The limit

of quantitation is defined as the lowest protein concentration that can be detected with CV <

20% on replicate runs. For these unenriched plasma proteins, sensitivity in actual plasma

samples down to the low µg/mL range could be achieved. As pointed out by Kuzyk and co-

workers [78], however, the on-column raw sensitivity of MRM-based quantitative

approaches (in the absence of matrix interferences) can be in the attomole range.

2.3.3 MRM Applied to HDL Proteins—HDL is a good candidate for MRM-based

analysis for two reasons: First, HDL carries numerous proteins; second, the most abundant

HDL proteins (apoA1 and apoA2) are susceptible to modifications that are of functional

significance. The study of HDL by shotgun-based LC-MS/MS in the last few years has

resulted in increasing numbers of proteins identified in HDL particles—from 13 [79] up to

75 in our most recent experiments (Table 2). There is a strong interest in the lipid

community to identify whether proteins found in HDL are a part of the functional HDL

complex or are a result of HDL isolation techniques (e.g., centrifugation and

immunoseparation). Emerging evidence by Davidson et al [80] indicates that the proteins

identified in HDL can be clustered based on areas of functionality. These areas are

metabolism and transport, inflammation, immune system and complement factors, growth

factors, hormone-binding proteins, and proteins involved in hemostasis. The HDL surface

monolayer can also serve as a binding matrix not only for intact apolipoproteins and

associated proteins but also for a wide range of small peptides that were originally thought

to be associated mostly with plasma albumin. Davidson’s group discovered more than 100

peptides in the range of 1000 to 5000 Da attached to HDL. The circulating life of these

peptides is possibly extended by binding HDL, and other lipoproteins.

Quantitative proteomic profiles have the promise of assigning specific roles to subclasses of

HDL in health and disease. One of the major barriers to progress in this field lies in

translating discovery experiments (e.g., those by Vaiser et al [74] and Davidson et al [80])

into the study of large clinical cohorts. These translational studies require a high throughput

assay that is reproducible across different laboratories. MRM has this capacity to translate

discovery proteomics into practice through the analysis of a large number targets in a

relatively high throughput manner. Figure 4 illustrates the relative abundance and LC-MRM

performance of 25 HDL proteins identified by MudPIT and verified by MRM in patient

samples. Most of the proteins identified (e.g., apoA1, apoAII, apoE, apoCIII, PON1, LCAT,

Complement C3, Serum Amyloid Protein) are involved in CVD pathogenesis. Using the

absolute intensity of extracted ion chromatograms from shotgun LC-MS/MS runs Green et

al reported that apoE and apoCII are increased in CVD while, apoJ, phospholipid transfer

protein, and apoF are decreased in subjects with CAD [16]. We believe the application of

MRM-based proteomics to HDL holds the key to robust validation of results such as these

and promises to significantly enhance the quantitative reproducibility and overall

performance of proteomics as a discipline.
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2.3.4 MRM Applied to PTMs of HDL Proteins—Met oxidation (+16 Da) of apoA1 can

serve as a practical example of how one might apply MRM to study modifications of HDL

proteins. First, the MRM targets or transitions must be identified. These can be obtained for

post-translationally modified peptides using initial discovery/mapping samples into which

the PTM of interest has been fortified. To accomplish this for Met oxidation of apoA1, we

have found it useful to add 5% hydrogen peroxide to pure HDL that is isolated by

differential centrifugation [81]. In this case, shotgun proteomics using MudPIT analysis of

the sample reveals several oxidized peptides that can serve as targets for MRM. After

reduction, alkylation, digestion, and purification, samples are screened for potential

modifications by examining the initial MS spectra. Figure 5 illustrates the informatics-

mediated sequence coverage and subsequent “discovery” of oxidized Met148. After

confirming the sequence specificity of the modification, a list of all abundant ions from the

MS/MS spectra is generated for each modified peptide. Each peptide (modified or

unmodified) may generate tens of putative transitions that must be aligned with calculated b-

or y-ions, instrumentally optimized (e.g., for declustering potential, collision energy, etc.),

then tested empirically for sensitivity and specificity. Useful working details on MRM

methodologies are provided in Supporting Information.

2.3.5 MRM Limitations—One of the main limitations of MRM is the fact that not all

proteins have functionally useful surrogate peptides—i.e., peptides that possess a set of

transitions that provide consistently strong signal-to-noise ratios in patient samples.

Efficiency of tryptic digestion and robustness of nanoflow liquid chromatography are also

common challenges. Overall, the sensitivity of MRM in human samples is limited by sample

interferences. When albumin is depleted, for example, MRM-based analyses can be used to

quantify lower ng/ml range proteins of otherwise unmodified whole blood plasma.

Additionally, some PTMs are unstable (e.g. carbonyl adducts) and, as such, can present

problems for SIS synthesis. Despite the challenges presented by difficulties such as these,

the future of MRM-based proteomics looks bright and, as described by Abbatiello et al [77],

there are ongoing efforts to standardize MRM-based methodologies across different

laboratories. Under such efforts, creation of a master list of peptide transitions with

correspondingly optimized sample preparation techniques will help minimize variability in

results across different laboratories.

3 Combining MSIA and MRM: Absolute and Relative Quantification of

Proteins

Proteins are quantified in terms of concentration—e.g., ng of protein-of-interest per mL

blood plasma (ng/mL). As we point out above, however, a single nominal protein is not

necessarily a singular, unique molecular species. Thus the question arises, “How much of

each unique variant form of a protein of interest is present in a sample?” The answer to this

question may be expressed in either absolute terms (ng/mL) and/or in relative terms—e.g.,

as a percentage of total nominal protein—the units in which HbA1c measurements are

expressed.
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Quantitative MRM-based proteomics focuses on the absolute quantification of singular

molecular species (peptides) as surrogates for a larger protein and, as such, outside of the

development of multiple assays for each qualitatively unique form of the target protein, this

approach cannot provide an assessment of the relative abundances of different post-

translationally modified forms of proteins that may be present in a sample. MSIA naturally

excels at relative quantification but, without specific efforts directed toward making MSIA

fully quantitative [39, 45, 50,62–64], MSIA does not provide information on absolute

protein concentration. We propose that a straightforward mathematical merger of

independently validated data provided by quantitative MRM-based proteomics and MSIA

can be used to provide both absolute and relative quantification of all unique variant forms

of a target protein—opening up new, unexplored territory in the hunt for novel markers of

disease.

The proposed merger of the two approaches will be particularly useful in cases such as the

study of HDL proteins in which just one of the proteins, apoA1, exists as at least a dozen

unique molecular forms (Figure 3). Using MRM, dozens of targets can be monitored

simultaneously and samples can be run in tandem in a semi-automated manner. MSIA

assays are grouped by nominal protein(s) and are generally run on up to 96 samples in a

batch. The automated, medium-to-high throughput nature of both of these techniques makes

them well suited to biomarker studies in which dozens of protein assays must be run on

hundreds to thousands of samples.

The cost of MRM-based analyses largely reflects the combined expense of synthesizing new

stable isotope-labeled standards (SIS) and instrument time. The development of SIS

libraries, and dedicated mass spectrometry instruments to particular assays will likely reduce

its costs and perhaps eventually replace the need to use poorly characterized antibodies in

ELISAs. The cost of MSIA lies in the affinity extraction tips, antibodies and instrument

time. On a per-assay basis it is competitive with many clinical diagnostics currently on the

market.

The proposed strategy of merging MRM and MSIA data fits well with the fact that there is a

national move underway to standardize the use of MRM assays across different labs by

building an MRM transition atlas with SIS libraries [82]. Use of appropriate standards has,

in many cases, been able to improve MRM reproducibility to the point where CVs in MRM

runs are less than 20% per the FDA required standard. Ultimately, quantitative MRM assays

will likely replace antibody based non-mass spectrometric assays for most protein targets—

as they have for several small molecule analytes (e.g. testosterone) where head to head

comparisons to immune recognition-based assays have revealed the superior analytical

capabilities of the MRM approach [83].

4 Conclusions and a Look Toward the Future

Targeted mass spectrometry-based methods such as MSIA and MRM provide a technical

platform for the identification of disease-related protein variants along with reproducible,

sensitive quantification of numerous proteins and their posttranslationally modified variant

forms—all at unprecedented qualitative specificity using minimal blood volume. As such,
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the prospects of discovery and validation of new biomarkers can be quite enticing to those of

us who are technically oriented analytical scientists. But we cannot traverse the translation

gauntlet alone: New biomarkers must be validated and ultimately translated in the context of

specific clinical questions. Thus the verification and validation of biomarkers using mass

spectrometry-based technologies will be dependent on tight-knit collaborations of analytical

scientists with biostatisticians and clinician-scientists who have ready access to patients and

are able to collect well characterized samples in a consistent manner. Toward the end of the

translation pathway active collaborations with industries in need of new markers will be

critical to validating marker utility in “real-life” samples—i.e., existing archived samples

from large observational cohorts and randomized trials. We anticipate that such large-scale

collaborative efforts will also help ease administrative and regulatory burdens for

commercialization of new markers.

For example, in order to develop and bring to market new medications for patients with

diabetes, the FDA now requires older patients at higher risk for CVD outcomes to be

enrolled in Phase III trials that run for years instead of three-to-six months. In tandem, we

anticipate that MSIA and MRM will improve our understanding of candidate biomarkers’

diagnostic and prognostic capacities. An industry-validated protein / protein-PTM panel that

is more comprehensive than the industry standard of HbA1c alone and correlates better with

CVD phenotype outcomes—allowing, for example, reclassification of patient subsets for

more efficient clinical trial design vis-à-vis enrollment of fewer people while maintaining

event rates—has significant potential for influencing industry-wide T2DM drug

development decisions and holding significant sway with the FDA. Once validated in

prospective cohorts, such markers have the potential to reduce the cost of developing newer

therapies, reclassify patients’ risk for CVD and translate into clinical practice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The MSIA process. A biological sample is repetitively passed through the MSIA-Tip,

performing immunoaffinity capture of the targeted analytes. After nonspecific components

within the biological fluid are rinsed away, the concentrated target analyte is eluted for

analysis by mass spectrometry.
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Figure 2.
Charge deconvoluted apoA1 MSIA spectrum from an individual heterozygous for a rare

genetic form of apoA1. The observed mass shift of +30 Da suggests that the mutation codes

for the previously observed Ala37Thr form of apoA1 [84]. The specificity of antibody

capture and observed mass that corresponds with a known human mutation, combined with

prior population studies in which similar peak “splitting” has not been observed [21, 36]

support the assertion that approximately half of the apoA1 represented in this spectrum

carries a sequence-altering mutation.
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Figure 3.
Representative charge deconvoluted ESI-MSIA-mass spectra of apoA1 from the human

popoulation. A) The three observed peaks at 27,951 Da, 28,080 Da and 28,242 Da represent

C-terminal truncation of Gln243, unmodified apoA1 and non-enzymatically glycated apoA1,

respectively. This spectrum was obtained from a nominally healthy individual. B) Charge

deconvoluted spectrum of apoA1 from a patient with T2DM. Sixteen-dalton mass shifts (up

to 3 per apoA1 molecule) are caused by oxidation of Met residues. The facts that 1) only

three 16-Da oxidation events can occur per apoA1 molecule (one per Met residue; see also

Supporting Information Figure 1) and 2) the oxidized forms of apoA1 also occur on

truncated and glycated apoA1 support the assignment of these 16-Da mass-shifted peaks as

oxidized forms of apoA1.
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Figure 4.
Twenty five HDL proteins identified by MRM. HDL fractions isolated by

ultracentrifugation were subjected to MRM after appropriate sample preparation. A

graphical workflow description of MRM can be found in a 2009 paper by Kuzyk et al [75].

The purpose of MRM experiments is to provide a multiplexed platform for monitoring

several HDL proteins simultaneously in a high throughput manner. The high abundance of

apoA1 and low abundance of albumin reflects the success of HDL isolation by

ultracentrifugation. Each peptide is represented by 3 transitions with identical retention

times. These proteins are listed in Table 2.
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Figure 5.
The scaffold output of oxidized apolipoprotein A1 after the addition of 5% H2O2 after

MudPIT experiment. We highlight peptide LSPLGEEMR (M148) and the relative

abundance of the induced M148 oxidation (+16Da). Yellow highlighted peptides are the

ones found in our sample. Green W (tryptophans) and M (Mets) are oxidized. The box on

the left indicates that 30 peptides with +16 Da modifications were identified with 95%

confidence based on the scaffold algorithm.
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Table 1

Relative Percent Abundance ± SD of apoA1 protein variants observed by ESI-MSIA in human plasma

samples whose donors ranged from nominally healthy to T2DM with congestive heart failure (CHF). No

statistically significant differences between groups are evident at these n-values (ANOVA followed by

Tukey's HSD).

Unmodified ApoA1 Oxidized ApoA1a Glycated ApoA1 C-terminally Truncated ApoA1b

Mass Shift (Da) 0 Da +16, +32, +48 Da +162 Da −128 Da

Controls (n = 7) 84 ± 13 4.0 ± 5.9 2.7 ± 1.2 5.9 ± 1.6

CHF (n = 7) 82 ± 9.4 6.8 ± 5.6 3.1 ± 1.2 3.7 ± 1.8

T2DM (n = 9) 76 ± 9.6 7.3 ± 7.2 5.0 ± 4.2 6.7 ± 3.9

T2DM & CHF (n = 12) 77 ± 12 8.4 ± 7.2 4.4 ± 0.9 6.5 ± 5.5

a)
Data presented as percent of total methionine oxidation capacity (see text)

b)
I.e., Native apoA1 des Q243
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Table 2

HDL proteins identified using MudPIT

Lipid Metabolism Complement Regulation Acute Phase Response

apoA-I Complement component C4B VDBP

apoA-II Complement component C4A Transthyretin

apoA-IV Complement component C9 Plasminogen

apoE Vitronectin Others

apoC-I Complement component C3 Albumin

apoC-II Proteinase Inhibitor Apo B 100

apoC-III alpha-2-antiplasmin Platelet factor 4*

apoC-IV* Angiotensinogen α-1antichymotrypsin

apoL-I α-2-HS-glycoprotein Fibronectin*

apoM Kininogen-1 Fibrocystin L*

apoF haptoglobin-related protein Titin*

apoD AMP Teneurin-3*

apoH SERF1 Tolloid like protein 1*

Clusterin AHSG Bloom Syndrome*

protein
LCAT Acute Phase Response

CETP* Fibrinogen Uncharacterized*

Proteins
PLTP* PRBP

PON1 IAHC

SAA Hemopexin

SAA 1* transferrin

SAA 2* A1G1

SAA 4* A1M*

Abbrevations
PON1: Paraoxonase 1
A1GI: alpha 1 glycoprotein 1
LCAT: Lecithin-cholesterol acyltransferase
PLTP:Phospholipid transfer protein
IAHC:inter-α-trypsin inhibitor heavy chain H4
PRBP: Plasma retinol–binding protein
A1M: α-1-microglobulin/bikunin
AMP,bikunin
SERF1, serpin peptidase inhibitor
AHSG, Alpha-2-HS-glycoprotein
SAA, Serum Amyloid Protein
Clusterin: ApoJ
VDBP: Vitamin D Binding Proteins

*
Not verified by MRM
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