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ABSTRACT: Apolipoprotein E (ApoE) is a polymorphic protein that plays a
major role in lipid metabolism in the central nervous system and periphery. It has
three common allelic isoforms, ApoE2, ApoE3, and ApoE4, that differ in only
one or two amino acids. ApoE isoforms have been associated with the occurrence
and progression of several pathological conditions, such as coronary
atherosclerosis and Alzheimer’s disease. The aim of this study was to develop
a mass spectrometry (MS)-based assay for absolute quantification of ApoE
isoforms in cerebrospinal fluid and plasma samples using isotope-labeled
peptides. The assay included five tryptic peptides: CLAVYQAGAR (ApoE2),
LGADMEDVCGR (ApoE2 and 3), LAVYQAGAR (ApoE3 and 4), LGAD-
MEDVR (ApoE4), and LGPLVEQGR (total ApoE). Both cerebrospinal fluid
and plasma samples were assayed to validate the method. The digestion yield and
the extension of chemical modifications in selected amino acid residues
(methionine oxidation, glutamine deamidation, and cyclization of N-terminus carbamidomethylcysteine) were also studied.
The ApoE phenotype was successfully assigned to all samples analyzed in a blinded manner. The method showed good linearity
(R2 > 0.99) and reproducibility (within laboratory imprecision <13%). The comparison of the MS-based assay with an ELISA for
total ApoE concentration showed a moderate correlation (R2 = 0.59). This MS-based assay can serve as an important tool in
clinical studies aiming to elucidate the association between ApoE genotype, total ApoE, and ApoE isoform concentrations in
various disorders related to ApoE polymorphisms.
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■ INTRODUCTION

Human apolipoprotein E (ApoE) is a 299 amino acid protein

with a molecular mass of ∼34 kDa, encoded by the APOE gene,
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which is localized on chromosome 19.1 Three major APOE
alleles have been identified, named ε2, ε3, and ε4.2 The
APOEε3 is found in more than half of the general population,
whereas APOEε4 is present in 5−35% and APOEε2 in 1−5% of
individuals.1 These alleles result in three polymorphic forms of
ApoE, which differ by a single amino acid involving cysteine−
arginine interchanges: ApoE2 (Cys112, Cys158), ApoE3
(Cys112, Arg158,) and ApoE4 (Arg112, Arg158), along with
six phenotypes: three homozygous (E2/2, E3/3, and E4/4) and
three heterozygous (E2/3, E2/4, and E3/4).1,2

ApoE is synthesized by many tissues, with the highest
expression in liver and brain.1 Because this protein does not
cross the blood−brain barrier,3 its secretion and function in
blood and cerebrospinal fluid (CSF) are independent. ApoE is
one of the key apolipoproteins that regulate the metabolism of
lipids by directing their transport, delivery, and distribution in
cells and tissues.4

ApoE isoforms have been associated with the occurrence or
progression of several pathological conditions, such as coronary
atherosclerosis, Alzheimer’s disease (AD), and traumatic brain
injury.4,5 A direct relationship between apoE genotypes and
low-density lipoprotein cholesterol (LDL-C) levels and
coronary risk is well-established (LDL-C levels and coronary
risk, from lower to higher: ε2/ε2 < ε2/ε3 < ε2/ε4 < ε3/ε3 <
ε3/ε4 < ε4/ε4).5 Similarly, the presence of one copy of
APOEε4 increases the risk of late-onset AD by three-fold and
the presence of two copies increases the risk by 12-fold.
APOEε2 is associated with decreased risk of late-onset AD.4

Isoform-specific antibodies against ApoE are scarce, and
hence immuno-based assays available for the quantification of
ApoE allow the determination of total ApoE concentrations
irrespective of ApoE isoform. As with all immuno-based assays,
antibody−antigen affinity differences yield varying results
between assays where ApoE isoform affinity differences elicit
an extra hurdle, possibly masking potential differences in the
levels of various ApoE isoforms in heterozygous individuals.
Mass spectrometry (MS)-based methods are becoming an

alternative to the enzyme-linked immunosorbent assays
(ELISAs) for the analysis and quantification of protein-based
biomarkers, like ApoE, with clinical usefulness.6,7 Selected
reaction monitoring (SRM) assays provide advantages such as
high selectivity for protein isoforms, short assay development
time, and good multiplexing capabilities.8,9 The aim of this
study was to develop a MS-based assay for absolute
quantitation of ApoE isoforms in CSF and plasma samples
using isotope-labeled peptides. The digestion yield and the
extension of chemical modifications in selected amino acid
residues were also studied to ensure an absolute quantification.

■ METHODS

Reagents and Materials

RapiGest SF Surfactant was purchased from Waters Corpo-
ration (Milford, MA). Dithiothreitol, iodoacetamide, proteo-
mics-grade trypsin (T6567), trifluoroacetic acid, and phenol
were from Sigma-Aldrich (Oakville, ON, Canada). Ammonium
bicarbonate (ABC), acetonitrile (grade HPLC) and hydrogen
peroxide were from Fisher Scientific (NJ, USA). Formic acid
was from EMD (Darmstadt, Germany). Ultrapure water was
obtained from a Milli-Q purification system (Millipore,
Molsheim, France). Four isotopically labeled standard peptides
(SpikeTides TQL) were from JPT Peptide Technologies
(Berlin, Germany). One isotopically labeled standard peptide

(AQUA peptide LGPLVEQGR) was from Thermo Fisher
Scientific (Ulm, Germany). OMIX C18, 10 μL tips were from
Agilent Technologies (Lake Forest, CA).

Sample Collection

CSF samples (n = 20) with known APOE genotype
(minisequencing method10), ε2/ε3 (n = 5), ε3/ε3 (n = 5),
ε3/ε4 (n = 5), and ε4/ε4 (n = 5), were obtained from the
Institute of Neuroscience and Physiology, University of
Gothenburg (Sweden) and used for initial method develop-
ment. Additionally, CSF (n = 78) and EDTA-plasma (n = 60)
samples with known APOE genotype (but analyzed in a blinded
manner) were obtained from the Memory Clinic at Skan̊e
University Hospital in Malmö (Sweden). Five out of six
possible phenotypes were present in this second set of samples
(except ε2/ε2). An additional set of 10 de-identified CSF
samples from the Memory Clinic at Skan̊e University Hospital
in Malmö (Sweden) were used for the comparison between the
herein described total ApoE MS method and a conventional
sandwich ApoE ELISA. Ethics approval for sample collection
was obtained from the respective institutional review boards.
All samples were stored at −80 °C until assayed.

Study of ApoE Isoforms

The four tryptic peptides derived from the two major ApoE
single nucleotide polymorphisms (SNP112 and SNP158),
104LGADMEDVCGR114 (from ApoE2&3 and named A),

104LGADMEDVR112 (from ApoE4 and named B), 159LAVY-
QAGAR167 (from ApoE3&4 and named C), and 158CLAV-
YQAGAR167 (from ApoE2 and named D), were included in the
study as well as one peptide (181LGPLVEQGR189) common to
the three isoforms (Figure 1).
For ApoE phenotype identification, the presence of different

combinations of these four peptides was used: ε2/ε2 (A+D),
ε2/ε3 (A+C+D), ε2/ε4 (A+B+C+D), ε3/ε3 (A+C), ε3/ε4 (A
+B+C), and ε4/ε4 (B+C) (Table 1).

Figure 1. Apolipoprotein E sequence (299 amino acids). The two
single nucleotide polymorphisms (SNP112 and SNP158) that generate
the three common ApoE isoforms are underlined. The peptide
sequences included in the study are highlighted in bold and designated
as A−D. See also Table 1
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For quantification, three peptides were used: CLAVYQA-
GAR (ApoE2), LAVYQAGAR (ApoE3), and LGADMEDVR
(ApoE4). Because peptide LAVYQAGAR is present in both
ApoE3 and 4, the quantification of ApoE3 in samples with
phenotype ε3/ε4 was calculated by subtracting the concen-
tration of LGADMEDVR (ApoE4) from LAVYQAGAR
(ApoE3 and 4). Peptide LGADMEDVCGR was used only
for ApoE phenotype identification. Peptide LGPLVEQGR
(total ApoE) was used to study the accuracy of ApoE isoform
concentration by comparing the total ApoE concentration
calculated from the sum of the different ApoE isoforms with the
total ApoE concentration obtained from this peptide.
Several chemical modifications in these peptides were also

studied including methionine oxidation, glutamine deamida-
tion, and cyclization of N-terminus carbamidomethylcysteine.
In total, 28 tryptic peptides from ApoE were analyzed (Table
S1 in the Supporting Information). One peptide from
Apolipoprotein B (ApoB), a plasma-derived protein that is
absent in the central nervous system (CNS), was assayed to
check for blood contamination in CSF samples. Peptide
uniqueness was confirmed by searching against the Basic
Local Alignment Search Tool (BLAST; http://blast.ncbi.nlm.
nih.gov/).
Peptide Identification

Peptides were initially identified in an LTQ Orbitrap XL
(Thermo Fisher, San Jose, CA) by analyzing a pool of CSF
samples. The pool was processed as previously described.11 The
resulting spectra were searched separately against the Interna-
tional Protein Index human database v3.71 (modified by adding
the FASTA sequences of ApoE isoforms 2 and 4) by Mascot
software (version 2.2, Matrix Science). The following
parameters were used: (i) enzyme, trypsin; (ii) one missed
cleavage allowed; (iii) fixed modification, carbamidomethyla-
tion of cysteines; (iv) variable modifications, oxidation and
dioxidation of methionines, deamidation of glutamines, and
pyro-carbamidomethylation of N-terminus cysteines; (v)
peptide tolerance, 7 ppm; and (vi) MS/MS tolerance, 0.4 Da.
The resulting Mascot search files were uploaded into Scaffold,
version 2 (Proteome Software).
Sample Preparation for SRM Analysis

Before analysis, samples were thawed at room temperature and
centrifuged at 17 000 g for 10 min. Twenty-five microliters of
CSF and 15 μL of plasma (previously diluted 1:100 with 50
mM ABC), which is equivalent to 8−12 μg of total protein,
were denatured and reduced with 0.05% RapiGest and 5 mM
dithiothreitol for 40 min at 60 °C. Alkylation was performed
using 15 mM iodoacetamide for 60 min at room temperature
and in the dark. More dithiothreitol was added to a 10 mM final
concentration (to quench excess iodoacetamide), and the
samples were incubated for 15 min at room temperature. A

mixture of four isotopically labeled peptides (SpikeTides TQL)
was added (100 and 25 fmoles of each peptide (per run) for
CSF and plasma samples, respectively). The proteins/standard
peptides were digested with trypsin for 24 h at 37 °C (trypsin
to total protein ratio 1:30 and 1:10 (w/w) for CSF and plasma
samples, respectively). After trypsinization, the AQUA standard
peptide was added (same concentrations as SpikeTides
peptides) and RapiGest was cleaved with 1% trifluoroacetic
acid. The samples were centrifuged at 500g for 30 min for
RapiGest precipitation. Peptides were purified and extracted
using OMIX C18 tips and then eluted using 5 μL of 65%
acetonitrile solution (0.1% formic acid). Finally, the peptides
were diluted with 60 μL of water (0.1% formic acid). All steps
were performed in a 96-well plate.

Liquid Chromatography−Mass Spectrometry (LC−MS)
Conditions

Samples were loaded onto a 2 cm trap column (C18, 5 μm)
with an inner diameter of 150 μm, and the peptides were eluted
onto a resolving 5 cm analytical column (C18, 3 μm) with an
inner diameter of 75 and 8 μm tip (New Objective, Woburn,
MA). The LC setup, EASY-nLC 1000 (Thermo Fisher,
Odense, Denmark), was coupled online to a triple-quadrupole
mass spectrometer (TSQ Vantage, Thermo Fisher, San Jose,
CA) using a nanoelectrospray ionization source (nano-ESI,
Thermo Fisher). A three-step 30 min gradient with an injection
volume of 18 μL was used. Buffer A contained 0.1% formic acid
in water, and buffer B contained 0.1% formic acid in
acetonitrile. Peptides were analyzed by SRM assays with the
following parameters: positive-ion mode, predicted collision
energy values, optimized scan times, 0.2 Th of full width at half-
maximum (fwhm) in Q1 and 0.7 Th in Q3, 1.5 mTorr Q2
pressure, tuned tube lens values, and 1 V skimmer offset. In-
silico digestion, fragmentation, and prediction of collision
energy were performed using Skyline software, version 1.4.12

Selection of Transitions

Initially, all transitions (from y3 to yn−1) were monitored in a
pool of CSF samples. Then, three transitions for each
endogenous and isotope-labeled peptide were selected based
on two main criteria: relative intensity of transitions and
presence of interferences. Transitions with the highest intensity
were preferred. The presence of interferences was predicted by
using the SRM collider software, version 1.4 (www.srmcollider.
org).13 This software predicts unique ion signatures (UISs) for
each peptide. The search parameters were: SSRCalc window:
10 arbitrary units; Q1 mass window: 0.2 Th; Q3 mass window:
0.7 Th; low and high mass threshold for transitions: 300 and
1500 Th, respectively; genome: Human Peptide Atlas; consider
isotopes up to 3 amu; one missed cleavage; find UIS up to
order 3; and finally, charge check, modifications, and all
background ion series were selected.

Digestion Optimization

To analyze the efficiency of trypsin digestion for peptides
LGADMEDVCGR, LGADMEDVR, LAVYQAGAR and
CLAVYQAGAR, we processed 16 aliquots (10 μg of total
protein each) of a pool of CSF samples as previously described.
Before digestion, the aliquots were mixed and homogenized to
avoid any variability between samples and divided again into 16
parts for trypsin digestion. Samples were digested at 37 °C
(trypsin to total protein ratio 1:30 (w/w)) for 9, 12, 15, 18, 21,
and 24 h (two or three aliquots at each time point). The
samples were analyzed in triplicate in a random order. The ratio

Table 1. Combination of Tryptic Peptides for Each ApoE
Phenotype

phenotype isoforms tryptic peptides ratioa

ε2/ε2 ApoE2 A+D 1:1
ε2/ε3 ApoE2 and ApoE3 A+C+D 2:1:1
ε3/ε3 ApoE3 A+C 1:1
ε3/ε4 ApoE3 and ApoE4 A+B+C 1:1:2
ε4/ε4 ApoE4 B+C 1:1
ε2/ε4 ApoE2 and ApoE4 A+B+C+D 1:1:1:1

aTheoretical concentration ratio.
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(light/heavy) for each peptide was compared with the ratio at
24 h (final time point) and displayed as percentage (“relative
digestion efficiency”).
In a second digestion study, two pools of CSF (6 aliquots of

25 μL) and plasma (6 aliquots of 15 μL) samples were analyzed
in duplicate. The efficiency of trypsin digestion for peptides
LGADMEDVCGR, LAGDMEDVR, LAVYQAGAR, CLAVY-
QAGAR, and LGPLVEQGR was evaluated. The trypsin to total
protein ratio was set to 1:30 (CSF) and 1:10 (plasma),
respectively, and the samples were digested at 37 °C for 5, 12,
15, 18, 21, and 24 h (one aliquot at each time point).
Times longer than 24 h were not tested.

Study of Chemical Modifications

Oxidation of Methionines. Two CSF samples (with ApoE
phenotype ε3/ε3 and ε4/ε4) were treated with different
concentrations of performic acid/phenol after following the
previously described protocol in the manuscript (see Sample
Preparation for SRM Analysis section) and before peptide
extraction with C18 tips. The solution was freshly prepared by
mixing 900 μL of formic acid with 5 mg of phenol. Then, it was
cooled at 0 °C and 100 μL of 30% hydrogen peroxide was
added. The resulting solution was stirred gently at room
temperature for 30 min. Finally, the performic acid solution was
diluted 1:10 and 1:100. Eight CSF aliquots (4 aliquots of
ApoE3 and 4 aliquots of ApoE4 samples) were treated with 5
μL of performic acid solutions (nondiluted, diluted 1:10 and
diluted 1:100) or 5 μL of 50 mM ABC. The aliquots were
incubated for 24 h at 4 °C and analyzed, after peptide
extraction with C18 tips, with the SRM method described in
Table S2 in the Supporting Information.
Deamidation of Glutamines to Glutamic Acid. Initially,

an experiment to verify whether the resolution used in our
SRM assay was appropriate to independently detect peptides
with nondeamidated and deamidated glutamines (LAVYQA-
GAR, CLAVYQAGAR, and LGPLVEQGR) was performed. A
pool of plasma samples was analyzed five times with a method
(Table S3 in the Supporting Information), in which different
resolutions in Q1 were used (fwhm: 0.06, 0.1, 0.2, 0.4, and 0.7
Th). Subsequently, two pools of CSF and plasma samples as
well as three individual plasma samples (with ApoE phenotype
ε2/ε3 and ε2/ε4) were analyzed (fwhm (Q1): 0.2 Th). The
extension of glutamine deamidation across peptides and the
impact of this modification in the calculation of absolute
concentrations were calculated. The differences in the
estimation of peptide concentration when all transitions
(from y3 to yn−1) or only three transitions were used (in
both nondeamidated and deamidated forms) were also studied
in the CSF pool.
Cyclization of N-terminus Cysteines. Both noncyclized

and cyclized forms of peptide CLAVYQAGAR were followed in
the analysis of CSF and plasma samples.

Quantification of ApoE Isoforms in CSF and Plasma
Samples

The samples were analyzed using the SRM method described in
Table S4 in the Supporting Information.
Linearity of the Assay. Calibration curves with different

concentrations (1000, 100, 10, and 1 fmoles on column) of
isotopically labeled peptides CLAVYQAGAR, LAVYQAGAR,
LGADMEDVR, and LGPLVEQGR and constant concentration
of endogenous peptides (CSF pool) were prepared and
assayed.

Calibration curves for ApoE4 were also prepared and assayed
just before the samples to normalize the digestion yield of
endogenous peptide LGADMEDVR and the extension of
methionine oxidation in the isotope-labeled peptide. Two pools
of CSF and plasma samples with phenotype ε4/ε4 were
prepared and diluted (1:2) four consecutive times with samples
with ApoE phenotype ε3/ε3 (and similar total protein
concentration). The ApoE4 concentration in the initial samples
was calculated with the peptide LAVYQAGAR.

Reproducibility. Four “quality controls” (two CSF and two
plasma samples) were included in the analysis. These quality
controls were prepared by mixing two samples with APOE2/4
and 3/3 (named QC1) and two samples with APOE2/3 and 4/
4 (named QC2). Four aliquots of each quality control were
processed simultaneously with the samples and analyzed over
several days. The results (16 CSF and 16 plasma values) were
analyzed following the recommendations of Clinical and
Laboratory Standards Institute (CLSI), document EP5-A2.14

Correlation of Total ApoE Concentrations between SRM
and ELISA

In the additional set of 10 CSF samples used for method
comparisons, the total ApoE concentrations were assayed with
an in-house developed sandwich ELISA at the Mayo Clinic and
then sent to Toronto for MS analysis. The sandwich ELISA was
developed using a well-characterized monoclonal anti-ApoE
antibody (WUE4),15 previously employed for similar pur-
poses,16 as capture antibody and a biotinylated goat anti-ApoE
detection antibody (Meridian Life Science). A 96-well plate
(NUNC Maxisorb) was coated with 1 μg/mL capture antibody
in carbonate buffer pH 9.6 overnight at room temperature
(RT). Following washing with PBS-T (0.05% Tween20 in
PBS), the plate was blocked with 1% milk in PBS for a
minimum of 1h at RT. Recombinant ApoE (Fitzgerald
Industries International), concentration range 250−16000 pg/
mL, and CSF samples were diluted in blocking buffer and
added in duplicate to the wells. Standards and samples were
incubated for 2 h at RT. The plate was washed and 100 ng/mL
detection antibody in blocking buffer was applied to each well,
followed by another 2 h of incubation at RT. Streptavidin poly-
HRP40 (Fitzgerald) 1:1000 in blocking buffer was added after
another wash step, and the plate was incubated at RT for 30
min and again washed. The peroxidase substrate TMB Super
Slow (Sigma-Aldrich) was added to the wells, and after 10 min
of incubation at RT in the dark the colorimetric reaction was
stopped with 1 M sulfuric acid. The optical density at 540 nm
was quantified, and duplicate readings of standards and samples
were averaged. The ApoE concentrations were determined by
interpolation from a four-parametric fitted calibration curve.
The intra- and interassay coefficients of variation (CV) were
lower than 10 and 15%, respectively.

Data Analysis

All samples, quality controls, and calibration curves were
randomized and analyzed in duplicate. The raw files were
uploaded to Pinpoint software, version 1.0 (Thermo Fisher),
which was used for quantification of areas under the curve. CVs
and Pearson product-moment correlation were calculated with
IBM SPSS Statistic software, version 20.
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■ RESULTS

Peptide Identification

ApoE peptides were initially searched and identified in a pool of
CSF samples analyzed by LC−MS/MS by using Scaffold
software. Peptides with mono-oxidation (LGADM[+16]
EDVCGR and LGADM[+16]EDVR) but not dioxidation of
methionines were found. The peptide with a pyro-carbamido-
methyl cysteine residue (C[+40]LAVYQAGAR) was also
identified. Glutamine deamidation was found only in the
peptide LGPLVEQ[+1]GR (common to the three ApoE
isoforms).
For confirmation of peptide identity, the relative intensity of

the transitions (from y3 to yn−1) obtained in the TSQ Vantage
were compared with the intensity of transitions from discovery
data (LTQ Orbitrap XL). The MS spectra and identification of
peptides are displayed in Figures S1−S10 in the Supporting
Information.

Digestion Optimization

The initial analysis of a pool of CSF samples showed that while
the digestion (ratio 1:30, trypsin:total protein) of peptides
LAVYQAGAR and CLAVYQAGAR seemed to be complete
after 12 and 18 h of incubation, respectively, the digestion of
peptides LGADMEDVCGR and LGADMEDVR was incom-
plete, with the concentration of these two endogenous peptides
progressing linearly from 9 to 24 h of incubation (Figure S11 in
the Supporting Information). These results were independently
verified in a second analysis (Figure S12A in the Supporting
Information), where the digestion of peptide LGPLVEQGR
was also included.
When the ratio trypsin/total protein was increased from 1:30

to 1:10 (plasma samples), the digestion of four out of five
peptides was clearly completed after 15−18 h of incubation
(Figure S12B in the Supporting Information). The digestion of
peptide LGADMEDVR was the most difficult, but complete
digestion was achieved after 21 h of incubation (Figure S12B in
the Supporting Information).
To further check the efficiency of trypsin digestion of peptide

LGADMEDVR, the ratios (light/heavy) obtained for peptides
LAVYQAGAR and LGADMEDVR in samples with ApoE
phenotype ε4/ε4 were compared. In these samples, the
concentration of both peptides should be equal because both
peptides come from the same isoform (Table 1). The analysis
of CSF samples (n = 8) revealed that the digestion yield was,
on average, 7% (trypsin to total protein ratio 1:30), while the
yield in plasma samples (n = 6) was 81% (trypsin to total
protein ratio 1:10).

Study of Chemical Modifications

Oxidation of Methionines. This study was performed to
identify the peptides with mono- and dioxidized methionines
and analyze whether the dioxidation of peptides containing
methionine residues could be a reliable method for quantitative
analysis of ApoE, as previously described.17

After sample oxidation, the mono- (5.7 min) and dioxidized
(6.0 min) forms of peptide LGADMEDVR were found to be
more hydrophilic that the nonoxidized form (8.1 min.). The
mono-oxidized peptide LGADMEDVCGR also eluted at a
shorter retention time (6.2 min) than the nonoxidized form
(8.2 min) (Supplemental data, Figure S13).
The oxidation reaction resulted in the complete conversion

of peptide LGADMEDVR to the dioxidized form LGADM-
[+32]EDVR (in a CSF sample with ApoE4/4) when the most

concentrated oxidizing solution was used (Figure S14 in the
Supporting Information). However, solutions diluted 1:100 and
1:10 were not as effective, and only a partial mono-oxidation of
methionine was observed (LGADM[+16]EDVR). Other
peptides from ApoE isoforms included in the analysis were
also affected by this oxidation reaction. Thus, the concentration
of peptide LGADMEDVCGR (in a CSF sample with ApoE 3/
3) was reduced in the aliquots treated with oxidizing solution
diluted 1:100 and 1:10 (formation of mono-oxidized form) and
was not detectable in the aliquot treated with the highest
concentration of performic acid. However the dioxidized
peptide LGADM[+32]EDVCGR was not detected. The
amount of peptides LAVYQAGAR and CLAVYQAGAR
(using the most concentrated oxidizing solution) was <5% of
the concentration in the sample treated with 50 mM ABC. The
concentration of peptide LGPLVEQGR was not significantly
affected by this reaction.
When sets of CSF and plasma samples were assayed, the

degree of oxidation in methionine residues was estimated by
calculating the ratio between the mono-oxidized and non-
oxidized forms of peptides LGADMEDVR and LGAD-
MEDVCGR.
The percentage of oxidation (average and [minimum−

maximum]) of peptide LGADMEDVR (in 37 CSF and 30
plasma samples with ApoE4, respectively) was: 1% [0−2%] and
2% [1−5%] (endogenous peptide); 4% [3−7%] and 4% [3−
6%] (isotope-labeled peptide).
The percentage of oxidation (average and [minimum−

maximum]) of peptide LGADMEDVCGR (in 70 CSF and 54
plasma samples with ApoE2 and/or ApoE3) was: 2% [0−5%]
and 3% [1−7%] (endogenous peptide); 10% [5−20%] and
18% [13−29%] (isotope-labeled peptide).

Deamidation of Glutamines. The goal of this experiment
was to evaluate the impact of glutamine deamidation in the
calculation of peptide concentration.
The nondeamidated and deamidated forms of peptides

LAVYQAGAR, CLAVYQAGAR, and LGPLVEQGR showed
the same retention times (Figure S15 in the Supporting
Information). The percentage of glutamine deamidation
obtained for the different peptides when all transitions (from
y3 to yn−1) or only three transitions were used for quantification
was very similar (<3% variation, data not shown). The
resolution used in our SRM assay (0.2 Th in Q1 and 0.7 Th
in Q3) was appropriate to independently identify both
deamidated and nondeamidated forms of the peptides under
study. There was no variation in the light/heavy ratios when
resolution in Q1 was changed from 0.06 to 0.7 Th (data not
shown), probably because the product ions are well-resolved in
Q3 (difference of 1 Da between nondeamidated and
deamidated forms).
The extension of glutamine deamidation for each peptide

across samples was very reproducible, with a variation not
higher than 3%. This deamidation was slightly higher in the
endogenous peptides than in the isotope-labeled peptides.
Thus, the conversion of endogenous peptides was from 29 to
46%, whereas the conversion of isotope-labeled peptides was
from 22 to 37% over a 24 h period (Figure S15D in the
Supporting Information).
When the intensities of both nondeamidated and deamidated

forms of each peptide were added for calculation of peptide
concentration and compared with the concentration obtained
using only the nondeamidated form, it was found that there was

Journal of Proteome Research Article

dx.doi.org/10.1021/pr401060x | J. Proteome Res. 2014, 13, 1077−10871081



a difference in concentration of 5 to 6% (Table S5 in the
Supporting Information).
Cyclization of N-Terminus Carbamidomethylcys-

teines. The cyclization of N-terminus cysteines during trypsin
digestion has been previously described.18 The noncyclized (9.3
min) and cyclized (15.0 min) forms of peptide CLAVYQAGAR
showed quite different retention times (Figure S16 in the
Supporting Information). The quality control report of isotope-
labeled peptide, provided by JPT Company, showed a partial
cyclization of this peptide during the synthesis process (Figure
S17 in the Supporting Information). The quantification of both
forms with the JPT tag was used to estimate the percentage of
cyclized (28%) and noncyclized (72%) peptides for subsequent
calculations.
The extension of cyclization in peptide CLAVYQAGAR (in

sets of CSF and plasma samples) was estimated by calculating
the ratio: cyclized/(noncyclized+cyclized) peptide forms. The
percentage of cyclization (average and [minimum−maximum])
in 10 CSF and 6 plasma samples with ApoE2 was, respectively:
51% [34−63%] and 60% [51−69%] (endogenous peptide);
71% [58−78%] and 74% [67−81%] (isotope-labeled peptide).
This reaction progressed in a very similar manner across
different samples (Figure S18 in the Supporting Information);
however, the degree of cyclization in endogenous and isotope-
labeled peptides in CSF and plasma samples was different.
To check the reproducibility of this reaction, we repeated

two CSF samples (with ApoE phenotype ε2/ε3 and ε2/ε4) 2
weeks after the first analysis, following the same protocol but
reducing the volume from 25 to 15 μL of CSF (limited
availability of sample). The concentration of ApoE2 was
calculated, being 2 and 7% lower, respectively, in the second
analysis.

ApoE Phenotype Identification

The ApoE phenotype was established by using the combina-
tions of peptides described in the Methods section. Depending
on the presence or absence of these peptides, the ApoE
phenotype was assigned (Figure 2 and Supplemental data,
Figures S19 to S22). This phenotype was successfully assigned
to all samples analyzed in a blinded manner (n = 138) when
compared with genetic testing results (100% success rate).

Quantification of ApoE Isoforms

Linearity of the Assay. Peptides CLAVYQAGAR,
LAVYQAGAR, LGADMEDVR, and LGPLVEQGR showed
good linearity between 1 and 1000 fmoles (on column), with
good coefficients of determination, R2 > 0.99 (Figure 3). The
amounts of these peptides detected in the CSF and plasma
samples were from 8 to 1000 fmoles and from 2.5 to 62.5
fmoles (on column), respectively.
The calibration curves generated for ApoE4 isoform also

showed good linearity for both CSF and plasma samples, R2 >
0.99 (Figure S23 in the Supporting Information).
Reproducibility. The four peptides used for quantification

of ApoE isoforms and total ApoE showed very good
repeatability (CV% in the duplicates) of all samples analyzed
(CSF and plasma). The CVs were from 0 to 7% with an average
CV of 1% (CSF) and 2% (plasma).
The QCs showed CV < 20% for all peptides (Table S6 in the

Supporting Information). The within-laboratory precision
(CVtotal) in the four levels of control was: <6% (CLAV-
YQAGAR), <9% (LAVYQAGAR), <13% (LGADMEDVR),
and <8% (LGPLVEQGR), respectively.

Correlation between Total ApoE Concentrations. The
comparison of total ApoE concentration calculated by adding
the concentration of each isoform (peptides CLAVYQAGAR,
LAVYQAGAR, and LGADMEDVR) or obtained directly from
the concentration of peptide LGPLVEQGR (Figure 4) showed
similar correlation (R = 0.98) but somewhat different results in
CSF and plasma samples. Thus, the concentration of total
ApoE calculated was higher (19% on average) across all CSF
samples (except one), while it was slightly lower (15% on
average) across all plasma samples. Similar results were
obtained with the QCs. The two CSF-QCs showed a 13%
higher concentration of total calculated ApoE, whereas the two
plasma controls showed a 15% (QC1) and 18% (QC2) lower
concentration (Table S6 in the Supporting Information).
Furthermore, the degree of cyclization of endogenous

peptide CLAVYQAGAR was higher in plasma samples than
in CSF samples, which could lead to an underestimation of the
absolute concentration of ApoE2. It was observed that the
plasma samples with this isoform showed lower values of total
calculated ApoE (Figure S24 in the Supporting Information).
Correlation of Total ApoE Concentration between SRM and
ELISA

Four ApoE phenotypes were identified in the 10 CSF samples
assayed: ε2/ε3 (n = 1), ε2/ε4 (n = 1), ε3/ε3 (n = 3) and ε3/ε4
(n = 5). The correlation between the total ApoE concentration
calculated by adding the concentration of each isoform or
obtained directly from the concentration of peptide

Figure 2. Identification of endogenous peptides LGADMEDVCGR
(A), LGADMEDVR (B), LAVYQAGAR (C), and CLAVYQAGAR
(D) in a CSF sample from an individual with ApoE phenotype E2/E4.
See also Table 1. RT, retention time.
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LGPLVEQGR was very high (R2 > 0.99) (Figure 5A), while the
correlation between the SRM assay and the ELISA was
moderate (R2 = 0.59) (Figure 5B).
An optimized workflow of the proposed SRM assay for

quantification of ApoE isoforms is displayed in Figure 6.

■ DISCUSSION
MS has emerged as a technology that offers novel applications
in clinical laboratories and can solve some of the limitations of
immunoassays. SRM methods require shorter times for assay
development, are cost-effective due to their superior multi-
plexing capabilities, and provide the required sequence

specificity to discriminate and measure clinically relevant
protein isoforms.19−23

Wildsmithet al.24 were the first to show the feasibility of
identifying and quantifying (relatively) ApoE isoforms in CSF
and astrocyte culture media, by using an MS-based method.
Later, the same group used this technology to study the ApoE
turnover rates in the CNS.25 However, this approach is limited

Figure 3. Calibration curves for peptides CLAVYQAGAR (A), LAVYQAGAR (B), LGADMEDVR (C), and LGPLVEQGR (D) prepared with
different amounts of isotope-labeled peptides (1000, 100, 10, and 1 fmoles, on column) and a constant concentration of endogenous peptides (CSF
pool). Both axes are represented in a logarithmic scale.

Figure 4. Correlation between the total ApoE concentration calculated
by adding the concentrations of each ApoE isoform (y axis) and the
total ApoE concentration obtained from peptide LGPLVEQGR (x
axis); in 78 CSF (A) and 60 plasma (B) samples. For discussion, see
the text. CSF, cerebrospinal fluid. Figure 5. Correlation between the total ApoE concentrations in 10

cerebrospinal fluid (CSF) samples, calculated with SRM assay (two
different ways) (A) and correlation between the SRM assay and ELISA
(B). In panel A, ApoE calc. represents the sum of the isoforms and
ApoE-LGPLVEQGR is the total ApoE calculated with the peptide
shown. For more discussion, see the text.
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to comparative measurements in cell cultures. Simon et al.17

published an SRM method for absolute quantification of ApoE4
and total ApoE in plasma by analyzing the peptides
LGADMEDVR and LGPLVEQGR after oxidation of methio-
nine residues. Very recently, Krastins et al.26 developed SRM
assays for quantification of total ApoE and ApoE isoforms after
immunoenrichment of plasma samples.
We evaluated an MS-based method for simultaneous

identification and absolute quantification in CSF and plasma
samples of ApoE isoforms and total ApoE by using five isotope-
labeled peptides. The digestion yield and the extension of
chemical modifications in some amino acid residues were also
studied.
Trypsin digestion is a crucial step to provide an absolute

quantification of proteins.27 There are no optimal digestion
conditions because this process is trypsin-28 and protein-
dependent.29 We initially evaluated the digestion yield in CSF
samples, where important differences between peptides were
found (Figure S11 in the Supporting Information). These
results were confirmed in a second analysis (Figure S12A in the
Supporting Information). To enhance the digestion efficiency
in plasma samples, we increased the amount of trypsin from
1:30 to 1:10. This modification improved the digestion yield
because the digestion of all peptides was complete after 24 h of
incubation (Figure S12B in the Supporting Information).
However, the digestion of peptide LGADMEDVR continued to
be the most challenging. These differences between peptides
could be associated with the sequence and structure of ApoE
isoforms. It has been described that the presence of Arg112 in
ApoE4 affects the conformation of the side chain of Arg61,
which produces the interaction between Arg61 and Glu25530

and could affect the digestion of peptide LGADMEDVR. The
apparent small reduction in peptide concentration between 21
and 24 h of incubation, if real, might be associated with an
inconsistency in trypsin digestion, as it was previously described
for other proteins.29 In the case of ApoE, only Proc et al.29

previously studied the trypsin digestion of this protein, but that
study was limited to peptide LGPLVEQGR.

Chemical modifications, both in vivo and in vitro, occurring
in peptide sequences due to sample processing have to be
considered because the targeted peptides might be converted
into the modified form in an irreproducible and unpredictable
manner.31 The most commonly described chemical modifica-
tions include methionine and tryptophan oxidation, asparagine
and glutamine deamidation, and cyclization of N-terminus
glutamines.31,32 In the present study, we examined the
oxidation of methionine residues, glutamine deamidation, and
the N-terminus cyclization of carbamidomethylcysteines.
First, we performed an oxidation experiment for methionine

residues during which two samples were incubated with
different concentrations of an oxidizing solution (performic
acid/phenol). The retention times obtained for peptide
LGADMEDVR, 5.7 (mono-oxidized), 6.0 (dioxidized) and
8.1 min (nonoxidized), were very similar to the retention times
reported by Simon et al.17 (4.2, 6.5, and 8.1 min, respectively).
The oxidation of methionine (M) to methionine sulfone
(M[+32]) is an irreversible reaction33 that can be used to
accurately quantify peptides with methionine residues.17 In this
experiment, the oxidation of peptide LGADMEDVR was
complete; however, other peptides were also chemically
modified in the process. The peptide LGADM[+32]EDVCGR
was not detected in any of the aliquots analyzed, probably due
to the oxidation of cysteine residues. Peptides LAVYQAGAR
and CLAVYQAGAR were still detectable when the most
concentrated oxidizing solution (performic acid/phenol) was
used, but their relative intensity decreased to <5% of original
signal (Figure S14 in the Supporting Information). This was
probably due to the oxidation of cysteines and halogenation of
tyrosines.34,35 These side reactions could make the analysis of
these peptides irreproducible, and thus we decided to exclude
this reaction from subsequent analyses.
The natural oxidation of methionine to sulfoxide methionine

was estimated in all CSF and plasma samples. The degree of
oxidation of endogenous peptides LGADMEDVR and
LGADMEDVCGR was very low. However, the oxidation in
isotope-labeled peptide LGADMEDVR was slightly higher, and
the isotope-labeled peptide LGADMEDVCGR showed an

Figure 6. Workflow of SRM assay proposed for quantification of total ApoE and ApoE isoforms using optimized conditions. §: Or other acid-labile
detergent; RT: room temperature; R*: isotope-labeled arginine; #: trypsin to total protein ratio 1:10 (w/w).
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increased oxidation in CSF and plasma samples. It is important
to point out that different vials for all isotope-labeled peptides
were utilized for the analysis of CSF (analyzed first) and plasma
samples (analyzed later). These results highlight the instability
of peptide LGADMEDVCGR and its propensity to oxidation
(under storage conditions), probably due to the presence of
methionine and cysteine residues in the sequence. Therefore,
this peptide was not considered appropriate for quantification
purposes because the higher degree of oxidation in isotope-
labeled peptide results in an overestimation of endogenous
peptide concentration.
The conversion of glutamine residues to glutamic acid was

also studied. Both nondeamidated and glutamine deamidated
peptides showed identical retention times. Glutamine deami-
dated peptides are slightly more hydrophobic than the
nondeamidated forms, but they can only be chromato-
graphically separated by using very long gradients.36 The
extent of this reaction varied across peptides because the
conversion rate of glutamine to glutamic acid is dependent on
the surrounding amino acid sequence.37 Moreover, the
conversion rate in endogenous peptides was found to be
slightly higher than the conversion rate in isotope-labeled
peptides (Figure S15D in the Supporting Information). The
deamidation of glutamine and asparagine residues in proteins
has been extensively studied, and it has been hypothesized that
the conversion of these residues serves as a molecular timer of
biological events such as protein turnover, development, and
aging.38 This could explain the higher degree of deamidation
observed in the endogenous peptides, which produced an
underestimation in the concentration of 5 to 6%. The detection
of both forms was not included in the analysis of CSF and
plasma samples because the underestimation in absolute
concentration was considered not relevant. However, an
accurate calculation of absolute concentrations of peptides
containing glutamine or asparagine residues requires the
analysis of both forms.
The cyclization of N-terminus carbamidomethylcysteines was

previously studied. Reimer et al.39 described increased retention
times in peptides with N-terminus cyclization, and we also
found that the cyclized peptide C[+40]LAVYQAGAR is more
hydrophobic than the noncyclized form (15.0 min versus 9.3
min). Krokhin et al.18 showed that the degree of peptide
conversion depends on digestion time, with an average
cyclization of 51%, after a typical overnight digestion at 37
°C. We obtained a similar degree of conversion (55% on
average). According to our results, this reaction seems to be
very reproducible when the same conditions are used, allowing
the utilization of peptides with this modification for relative
quantification. For absolute quantification, we needed to
recalculate the concentrations because the isotope-labeled
peptide was already partially cyclized and assumed that the
degree of cyclization in endogenous and isotope-labeled
peptides (during trypsin digestion) would be the same.
However, this assumption may not be accurate because the
degree of conversion of endogenous peptide in plasma was
higher than that in CSF samples (Figure S18 in the Supporting
Information) and the absolute quantification of the peptide
seemed to be underestimated (by ∼20%).
The reproducibility and linearity of the multiplex SRM assays

were also studied. The within-laboratory precision was lower
than 13% for all peptides, and the analytical range evaluated
showed good linearity with R2 > 0.99.

The comparison of total ApoE concentrations obtained with
the sum of ApoE isoforms and with peptide LGPLVEQGR
showed good correlation (R = 0.98) in both CSF and plasma
samples, with a difference of about ±20% between both
methods. The lower total ApoE concentrations with peptide
LGPLVEQGR in CSF samples were probably due to an
incomplete digestion of this peptide.
Finally, despite optimizing a previously described ApoE

ELISA employing the well-characterized anti-ApoE antibody
WUE4 and despite excellent assay performance data, the
correlation between the SRM assay and the ELISA was
moderate (R2 = 0.59) (Figure 5B). This is in line with data
from a previously reported comparison between total ApoE
concentrations determined using a WUE4-based ApoE ELISA16

and total ApoE concentrations as quantified using MS.40

Various ELISAs for total ApoE quantification have been
previously used and described, showing significantly different
results16,40−42 and highlighting a lack of reliability and,
therefore, the need for a reference method.
The proposed SRM showed good performance for

identification and quantification of ApoE isoforms. This assay
can be used to elucidate the isoform composition of total ApoE
in CSF and plasma samples from patients with neuro-
degenerative diseases (such as AD) and nondemented controls.
However, several limitations need to be considered. For

clinical applications involving detection of biomarker proteins,
the digestion protocols should be optimized for the target
proteins of interest.29 Moreover, chemical modifications in
target peptides need to be evaluated, as these may affect
accuracy of measurement of peptide concentration. Our results
were not significantly affected by the oxidation of methionines
or the deamidation of glutamines. However, the cyclization of
N-terminus cysteines affected the accuracy of results in plasma
samples. To avoid the previously described shortcomings, we
could solve this limitation using optimization of digestion
conditions, the use of calibration curves (with ε2/ε2 samples),
or the design of concatamer standards (QconCAT)43 with this
peptide in an internal position of the sequence. Another
possibility is the use of Protein Standard Absolute Quantifica-
tion (PSAQ) as it has been described.44 However, this
approach may substantially increase the assay development
times and the cost of analysis.

■ CONCLUSIONS

We here describe a novel multiplex SRM assay for simultaneous
quantification of total ApoE as well as the absolute
concentrations of the various ApoE isoforms in APOE
homozygous and heterozygous individuals. This method can
serve as a significant tool in clinical studies aiming to elucidate
the association between APOE genotype, total ApoE, and ApoE
isoform concentrations in various disorders related to APOE
polymorphism.

■ ASSOCIATED CONTENT

*S Supporting Information

Proteotypic peptides included in the study. SRM parameters
used for each proteotypic peptide in the oxidation and
deamidation studies and in the analysis of CSF and plasma
samples. Variation in the concentration of peptides LAVYQA-
GAR, C[+57]LAVYQAGAR, C[+40]LAVYQAGAR, and
LGPLVEQGR, in five samples due to glutamine deamidation.
Within-run, between-day and within laboratory precision
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(CVintra, CVinter, and CVtotal) obtained in two levels of control
(QC1 and QC2) prepared from two pools of CSF and plasma
samples. MS/MS spectrum of the doubly charged peptides
LGADMEDVC[+57]GR (m/z 611), LGADM[+16]EDVC-
[+57]GR (m/z 619), LGADMEDVR (m/z 503), LGADM-
[+16]EDVR (m/z 511), LAVYQAGAR (m/z 474), C[+57]-
LAVYQAGAR (m/z 554), C[+40]LAVYQAGAR (m/z 546),
LGPLVEQGR (m/z 484), LGPLVEQ[+1]GR (m/z 485), and
GFEPTLEALFGK (m/z 654) acquired on an LTQ Orbitrap
XL. Digestion of four peptides used in the analysis of ApoE
isoforms at six time points. Digestion efficiency for trypsin to
total protein ratios of 1:30 and 1:10 in a pool of CSF and
plasma samples, respectively. Elution of mono-oxidized, di-
oxidized, and non-oxidized forms of endogenous and isotope-
labelled standard peptides LGADMEDVR. Oxidation of
peptide LGADMEDVR (in CSF sample with ApoE4/4) to
the di-oxidized form LGADM[+32]EDVR with performic acid/
phenol. Co-elution of three transitions (y-ions) of each
endogenous and isotope-labelled standard (glutamine-deami-
dated and non-deamidated) peptides LAVYQAGAR, CLAV-
YQAGAR, and LGPLVEQGR. Retention time of endogenous
and isotope-labelled standard peptides C[+57]LAVYQAGAR
(9.3 min) and C[+40]LAVYQAGAR (15.0 min) in a 30 min
gradient. Quantification of the isotope-labelled standard
peptide CLAVYQAGAR after synthesis. Mathematical formula
used to estimate the degree of cyclization in endogenous and
isotope-labelled peptide CLAVYQAGAR. Identification of
endogenous peptides in CSF sample from individual with
ApoE phenotype ε2/ε3, ε3/ε3, ε3/ε4, and ε4/ε4. Calibration
curves obtained from serial dilutions of two pools of CSF and
plasma samples with ApoE phenotype ε4/ε4. Improvement in
the correlation between total ApoE calculated and total ApoE
obtained from peptide LGPLVEQGR by increasing by 20% the
concentration of ApoE2. This material is available free of charge
via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author

*Tel: 416-586-8443. Fax: 416-619-5521. E-mail: ediamandis@
mtsinai.on.ca.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Maria Pavlou for helpful comments and discussions.

■ ABBREVIATIONS:
ABC, ammonium bicarbonate; AD, Alzheimer’s disease; ApoB,
apolipoprotein B; ApoE, apolipoprotein E; CLSI, Clinical and
Laboratory Standards Institute; CNS, central nervous system;
CSF, cerebrospinal fluid; R2, coefficient of determination; CV,
coefficient of variation; ELISA, enzyme-linked immunosorbent
assay; fwhm, full width at half-maximum; LC, liquid
chromatography; LDL-C, low-density lipoprotein cholesterol;
MS, mass spectrometry; QC, quality control; RT, room
temperature; SNP, single nucleotide polymorphism; SRM,
selected reaction monitoring; UIS, unique ion signature

■ REFERENCES
(1) Mahley, R. W.; Rall, S. C., Jr.; Apolipoprotein, E. far more than a
lipid transport protein. Annu. Rev. Genomics Hum. Genet. 2000, 1, 507−
37.

(2) Zannis, V. I.; Breslow, J. L.; Utermann, G.; Mahley, R. W.;
Weisgraber, K. H.; Havel, R. J.; Goldstein, J. L.; Brown, M. S.;
Schonfeld, G.; Hazzard, W. R.; Blum, C. Proposed nomenclature of
apoE isoproteins, apoE genotypes, and phenotypes. J. Lipid Res. 1982,
23 (6), 911−4.
(3) Liu, M.; Kuhel, D. G.; Shen, L.; Hui, D. Y.; Woods, S. C.
Apolipoprotein E does not cross the blood-cerebrospinal fluid barrier,
as revealed by an improved technique for sampling CSF from mice.
Am. J. Physiol.: Regul., Integr. Comp. Physiol. 2012, 303 (9), R903−8.
(4) Verghese, P. B.; Castellano, J. M.; Holtzman, D. M.
Apolipoprotein E in Alzheimer’s disease and other neurological
disorders. Lancet Neurol. 2011, 10 (3), 241−52.
(5) Bennet, A. M.; Di Angelantonio, E.; Ye, Z.; Wensley, F.; Dahlin,
A.; Ahlbom, A.; Keavney, B.; Collins, R.; Wiman, B.; de Faire, U.;
Danesh, J. Association of apolipoprotein E genotypes with lipid levels
and coronary risk. JAMA 2007, 298 (11), 1300−11.
(6) Lopez, M. F.; Rezai, T.; Sarracino, D. A.; Prakash, A.; Krastins, B.;
Athanas, M.; Singh, R. J.; Barnidge, D. R.; Oran, P.; Borges, C.;
Nelson, R. W. Selected reaction monitoring-mass spectrometric
immunoassay responsive to parathyroid hormone and related variants.
Clin. Chem. 2010, 56 (2), 281−90.
(7) Addona, T. A.; Abbatiello, S. E.; Schilling, B.; Skates, S. J.; Mani,
D. R.; Bunk, D. M.; Spiegelman, C. H.; Zimmerman, L. J.; Ham, A. J.;
Keshishian, H.; Hall, S. C.; Allen, S.; Blackman, R. K.; Borchers, C. H.;
Buck, C.; Cardasis, H. L.; Cusack, M. P.; Dodder, N. G.; Gibson, B.
W.; Held, J. M.; Hiltke, T.; Jackson, A.; Johansen, E. B.; Kinsinger, C.
R.; Li, J.; Mesri, M.; Neubert, T. A.; Niles, R. K.; Pulsipher, T. C.;
Ransohoff, D.; Rodriguez, H.; Rudnick, P. A.; Smith, D.; Tabb, D. L.;
Tegeler, T. J.; Variyath, A. M.; Vega-Montoto, L. J.; Wahlander, A.;
Waldemarson, S.; Wang, M.; Whiteaker, J. R.; Zhao, L.; Anderson, N.
L.; Fisher, S. J.; Liebler, D. C.; Paulovich, A. G.; Regnier, F. E.;
Tempst, P.; Carr, S. A. Multi-site assessment of the precision and
reproducibility of multiple reaction monitoring-based measurements of
proteins in plasma. Nat. Biotechnol. 2009, 27 (7), 633−41.
(8) Drabovich, A. P.; Dimitromanolakis, A.; Saraon, P.; Soosaipillai,
A.; Batruch, I.; Mullen, B. J.; Jarvi, K. A.; Diamandis, E. P. Differential
diagnosis of azoospermia with proteomic biomarkers ECM1 and
TEX101 quantified in seminal plasma. Sci. Transl. Med. 2013, 5 (212),
212ra160.
(9) Huttenhain, R.; Soste, M.; Selevsek, N.; Rost, H.; Sethi, A.;
Carapito, C.; Farrah, T.; Deutsch, E. W.; Kusebauch, U.; Moritz, R. L.;
Nimeus-Malmstrom, E.; Rinner, O.; Aebersold, R. Reproducible
quantification of cancer-associated proteins in body fluids using
targeted proteomics. Sci. Transl. Med. 2012, 4 (142), 142ra94.
(10) Blennow, K.; Ricksten, A.; Prince, J. A.; Brookes, A. J.;
Emahazion, T.; Wasslavik, C.; Bogdanovic, N.; Andreasen, N.;
Batsman, S.; Marcusson, J.; Nagga, K.; Wallin, A.; Regland, B.;
Olofsson, H.; Hesse, C.; Davidsson, P.; Minthon, L.; Jansson, A.;
Palmqvist, L.; Rymo, L. No association between the alpha2-
macroglobulin (A2M) deletion and Alzheimer’s disease, and no
change in A2M mRNA, protein, or protein expression. J. Neural
Transm. 2000, 107 (8−9), 1065−79.
(11) Batruch, I.; Smith, C. R.; Mullen, B. J.; Grober, E.; Lo, K. C.;
Diamandis, E. P.; Jarvi, K. A. Analysis of seminal plasma from patients
with non-obstructive azoospermia and identification of candidate
biomarkers of male infertility. J. Proteome Res. 2012, 11 (3), 1503−11.
(12) MacLean, B.; Tomazela, D. M.; Shulman, N.; Chambers, M.;
Finney, G. L.; Frewen, B.; Kern, R.; Tabb, D. L.; Liebler, D. C.;
MacCoss, M. J. Skyline: an open source document editor for creating
and analyzing targeted proteomics experiments. Bioinformatics 2010,
26 (7), 966−8.
(13) Rost, H.; Malmstrom, L.; Aebersold, R. A computational tool to
detect and avoid redundancy in selected reaction monitoring.Mol. Cell.
Proteomics 2012, 11 (8), 540−9.
(14) NCCLS. Evaluation of Precision Performance of Quantitative
Measurement Methods; Approved Guideline-Second Edition. NCCLS
document EP5-A2.
(15) Krul, E. S.; Tikkanen, M. J.; Schonfeld, G. Heterogeneity of
apolipoprotein E epitope expression on human lipoproteins:

Journal of Proteome Research Article

dx.doi.org/10.1021/pr401060x | J. Proteome Res. 2014, 13, 1077−10871086

http://pubs.acs.org
mailto:ediamandis@mtsinai.on.ca
mailto:ediamandis@mtsinai.on.ca


importance for apolipoprotein E function. J. Lipid Res. 1988, 29 (10),
1309−25.
(16) Wahrle, S. E.; Shah, A. R.; Fagan, A. M.; Smemo, S.; Kauwe, J.
S.; Grupe, A.; Hinrichs, A.; Mayo, K.; Jiang, H.; Thal, L. J.; Goate, A.
M.; Holtzman, D. M. Apolipoprotein E levels in cerebrospinal fluid
and the effects of ABCA1 polymorphisms. Mol. Neurodegener. 2007, 2,
7.
(17) Simon, R.; Girod, M.; Fonbonne, C.; Salvador, A.; Clement, Y.;
Lanteri, P.; Amouyel, P.; Lambert, J. C.; Lemoine, J. Total ApoE and
ApoE4 isoform assays in an Alzheimer’s disease case-control study by
targeted mass spectrometry (n=669): a pilot assay for methionine-
containing proteotypic peptides. Mol. Cell. Proteomics 2012, 11 (11),
1389−403.
(18) Krokhin, O. V.; Ens, W.; Standing, K. G. Characterizing
degradation products of peptides containing N-terminal Cys residues
by (off-line high-performance liquid chromatography)/matrix-assisted
laser desorption/ionization quadrupole time-of-flight measurements.
Rapid Commun. Mass Spectrom. 2003, 17 (22), 2528−34.
(19) Prakash, A.; Rezai, T.; Krastins, B.; Sarracino, D.; Athanas, M.;
Russo, P.; Zhang, H.; Tian, Y.; Li, Y.; Kulasingam, V.; Drabovich, A.;
Smith, C. R.; Batruch, I.; Oran, P. E.; Fredolini, C.; Luchini, A.; Liotta,
L.; Petricoin, E.; Diamandis, E. P.; Chan, D. W.; Nelson, R.; Lopez, M.
F. Interlaboratory reproducibility of selective reaction monitoring
assays using multiple upfront analyte enrichment strategies. J. Proteome
Res. 2012, 11 (8), 3986−95.
(20) Picotti, P.; Aebersold, R. Selected reaction monitoring-based
proteomics: workflows, potential, pitfalls and future directions. Nat.
Methods 2012, 9 (6), 555−66.
(21) Drabovich, A. P.; Pavlou, M. P.; Dimitromanolakis, A.;
Diamandis, E. P. Quantitative analysis of energy metabolic pathways
in MCF-7 breast cancer cells by selected reaction monitoring assay.
Mol. Cell. Proteomics 2012, 11 (8), 422−34.
(22) Drabovich, A. P.; Jarvi, K.; Diamandis, E. P. Verification of male
infertility biomarkers in seminal plasma by multiplex selected reaction
monitoring assay. Mol. Cell. Proteomics 2011, 10 (12), M110 004127.
(23) Prakash, A.; Rezai, T.; Krastins, B.; Sarracino, D.; Athanas, M.;
Russo, P.; Ross, M. M.; Zhang, H.; Tian, Y.; Kulasingam, V.;
Drabovich, A. P.; Smith, C.; Batruch, I.; Liotta, L.; Petricoin, E.;
Diamandis, E. P.; Chan, D. W.; Lopez, M. F. Platform for establishing
interlaboratory reproducibility of selected reaction monitoring-based
mass spectrometry peptide assays. J. Proteome Res. 2010, 9 (12),
6678−88.
(24) Wildsmith, K. R.; Han, B.; Bateman, R. J. Method for the
simultaneous quantitation of apolipoprotein E isoforms using tandem
mass spectrometry. Anal. Biochem. 2009, 395 (1), 116−8.
(25) Wildsmith, K. R.; Basak, J. M.; Patterson, B. W.; Pyatkivskyy, Y.;
Kim, J.; Yarasheski, K. E.; Wang, J. X.; Mawuenyega, K. G.; Jiang, H.;
Parsadanian, M.; Yoon, H.; Kasten, T.; Sigurdson, W. C.; Xiong, C.;
Goate, A.; Holtzman, D. M.; Bateman, R. J. In vivo human
apolipoprotein E isoform fractional turnover rates in the CNS. PLoS
One 2012, 7 (6), e38013.
(26) Krastins, B.; Prakash, A.; Sarracino, D. A.; Nedelkov, D.;
Niederkofler, E. E.; Kiernan, U. A.; Nelson, R.; Vogelsang, M. S.;
Vadali, G.; Garces, A.; Sutton, J. N.; Peterman, S.; Byram, G.;
Darbouret, B.; Perusse, J. R.; Seidah, N. G.; Coulombe, B.; Gobom, J.;
Portelius, E.; Pannee, J.; Blennow, K.; Kulasingam, V.; Couchman, L.;
Moniz, C.; Lopez, M. F. Rapid development of sensitive, high-
throughput, quantitative and highly selective mass spectrometric
targeted immunoassays for clinically important proteins in human
plasma and serum. Clin. Biochem. 2013, 46 (6), 399−410.
(27) Hoofnagle, A. N. Quantitative clinical proteomics by liquid
chromatography-tandem mass spectrometry: assessing the platform.
Clin. Chem. 2010, 56 (2), 161−4.
(28) Burkhart, J. M.; Schumbrutzki, C.; Wortelkamp, S.; Sickmann,
A.; Zahedi, R. P. Systematic and quantitative comparison of digest
efficiency and specificity reveals the impact of trypsin quality on MS-
based proteomics. J. Proteomics 2012, 75 (4), 1454−62.
(29) Proc, J. L.; Kuzyk, M. A.; Hardie, D. B.; Yang, J.; Smith, D. S.;
Jackson, A. M.; Parker, C. E.; Borchers, C. H. A quantitative study of

the effects of chaotropic agents, surfactants, and solvents on the
digestion efficiency of human plasma proteins by trypsin. J. Proteome
Res. 2010, 9 (10), 5422−37.
(30) Dong, L. M.; Weisgraber, K. H. Human apolipoprotein E4
domain interaction. Arginine 61 and glutamic acid 255 interact to
direct the preference for very low density lipoproteins. J. Biol. Chem.
1996, 271 (32), 19053−7.
(31) Lange, V.; Picotti, P.; Domon, B.; Aebersold, R. Selected
reaction monitoring for quantitative proteomics: a tutorial. Mol. Syst.
Biol. 2008, 4, 222.
(32) Gallien, S.; Duriez, E.; Domon, B. Selected reaction monitoring
applied to proteomics. J. Mass Spectrom. 2011, 46 (3), 298−312.
(33) Vogt, W. Oxidation of methionyl residues in proteins: tools,
targets, and reversal. Free Radical Biol. Med. 1995, 18 (1), 93−105.
(34) Chowdhury, S. K.; Eshraghi, J.; Wolfe, H.; Forde, D.; Hlavac, A.
G.; Johnston, D. Mass spectrometric identification of amino acid
transformations during oxidation of peptides and proteins: mod-
ifications of methionine and tyrosine. Anal. Chem. 1995, 67 (2), 390−
8.
(35) Thompson, E. O. Modification of tyrosine during performic acid
oxidation. Biochim. Biophys. Acta 1954, 15 (3), 440−1.
(36) Liu, H.; Gaza-Bulseco, G.; Chumsae, C. Glutamine deamidation
of a recombinant monoclonal antibody. Rapid Commun. Mass
Spectrom. 2008, 22 (24), 4081−8.
(37) Bischoff, R.; Kolbe, H. V. Deamidation of asparagine and
glutamine residues in proteins and peptides: structural determinants
and analytical methodology. J. Chromatogr. B: Biomed. Sci. Appl. 1994,
662 (2), 261−78.
(38) Robinson, N. E.; Robinson, A. B. Molecular clocks. Proc. Natl.
Acad. Sci. U. S. A. 2001, 98 (3), 944−9.
(39) Reimer, J.; Shamshurin, D.; Harder, M.; Yamchuk, A.; Spicer, V.;
Krokhin, O. V. Effect of cyclization of N-terminal glutamine and
carbamidomethyl-cysteine (residues) on the chromatographic behavior
of peptides in reversed-phase chromatography. J. Chromatogr., A 2011,
1218 (31), 5101−7.
(40) Cruchaga, C.; Kauwe, J. S.; Nowotny, P.; Bales, K.; Pickering, E.
H.; Mayo, K.; Bertelsen, S.; Hinrichs, A.; Fagan, A. M.; Holtzman, D.
M.; Morris, J. C.; Goate, A. M. Cerebrospinal fluid APOE levels: an
endophenotype for genetic studies for Alzheimer’s disease. Hum. Mol.
Genet. 2012, 21 (20), 4558−71.
(41) Darreh-Shori, T.; Modiri, N.; Blennow, K.; Baza, S.; Kamil, C.;
Ahmed, H.; Andreasen, N.; Nordberg, A. The apolipoprotein E
epsilon4 allele plays pathological roles in AD through high protein
expression and interaction with butyrylcholinesterase. Neurobiol. Aging
2011, 32 (7), 1236−48.
(42) Darreh-Shori, T.; Meurling, L.; Pettersson, T.; Hugosson, K.;
Hellstrom-Lindahl, E.; Andreasen, N.; Minthon, L.; Nordberg, A.
Changes in the activity and protein levels of CSF acetylcholinesterases
in relation to cognitive function of patients with mild Alzheimer’s
disease following chronic donepezil treatment. J. Neural Transm. 2006,
113 (11), 1791−801.
(43) Beynon, R. J.; Doherty, M. K.; Pratt, J. M.; Gaskell, S. J.
Multiplexed absolute quantification in proteomics using artificial
QCAT proteins of concatenated signature peptides. Nat. Methods
2005, 2 (8), 587−9.
(44) Wang, M.; Chen, J.; Turko, I. V. 15N-labeled full-length
apolipoprotein E4 as an internal standard for mass spectrometry
quantification of apolipoprotein E isoforms. Anal. Chem. 2012, 84
(19), 8340−4.

Journal of Proteome Research Article

dx.doi.org/10.1021/pr401060x | J. Proteome Res. 2014, 13, 1077−10871087


