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ABSTRACT: High density lipoprotein (HDL) particles are
believed to be protective due to their inverse correlation with
the prevalence of cardiovascular diseases. However, recent studies
show that in some conditions such as heart disease and diabetes,
HDL particles can become dysfunctional. Great attention has
been directed toward HDL particle composition because the
relative abundances of HDL constituents determine HDL’s
functional properties. A key factor to consider when studying
the structure and composition of plasma particles is the pro-
tein glycosylation. Here, we profile the O- and N-linked glyco-
sylation of HDL associated-proteins including the truncated
form of Apo CIII and their glycan heterogeneity in a site-
specific manner. Apolipoprotein CIII, fetuin A, and alpha 1 antitrypsin are glycoproteins associated with lipoproteins and are
implicated in many cardiovascular and other disease conditions. A targeted method (UHPLC-QQQ) was used to measure the
glycoprotein concentrations and site-specific glycovariations of the proteins in human plasma and compared with HDL particles
isolated from the same plasma samples. The proteins found in the plasma are differentially glycosylated compared to those
isolated in HDL. The results of this study suggest that glycosylation may play a role in protein partitioning in the blood, with
possible functional implications.
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■ INTRODUCTION

High density lipoproteins (HDLs) are circulating blood nano-
particles known primarily for their ability to efflux cholesterol
from cells, and they deliver excess cholesterol to the liver for
excretion through bile, a process known as reverse cholesterol
transport. In addition to this important function, HDL also plays
significant role in blocking the oxidation of low density lipo-
protein (LDL) and has additional antiatherogenic functions
including anti-inflammatory and immunomodulatory capacity.1

Interestingly, depending on its composition, HDL may become
pro-atherogenic2 by promoting inflammation and enhancing
LDL oxidation. For instance, HDL has been found to lose its
anti-inflammatory functional characteristics during acute influ-
enza A infection3 and during chronic inflammatory response.4

Altered HDL composition associated with loss of antiatherogenic
functions has been documented in a variety of disease conditions
including diabetes mellitus, oxidative stress, infection, autoim-
mune diseases, and cardiovascular diseases among others.2

HDLs are composed of subclasses that have unique composi-
tions that enable them to perform specific functions. HDL sub-
classes in turn possess different kinds of biological molecules

including lipids,5 proteins,6,7 and enzymes suited for their func-
tions.8 For example, changes in proteins involved in HDLmetab-
olism promote atherosclerosis9 even in elevated plasma HDL.10

Detailed analysis of molecular compositions may unravel the
deficiencies associated with altered HDL particles and provide
indicators for diseases associated with this loss of functionality.
Glycoproteins are important functional components of HDL.11

Altered HDL glycosylation differentiates between coronary artery
disease (CAD) patients with and without atherosclerosis12 as
well as individuals with metabolic syndrome and healthy
controls.13 Alterations in glycoprotein composition and site-
specific glycosylation differentiate between disease groups and
healthy individuals, and they further differentiate between pro-
and anti-inflammatory HDL particles.14

Several of the key proteins of HDL are glycosylated and
include protease inhibitor alpha 1 antitrypsin (A1AT), human
α2-Heremans−Schmid glycoprotein (A2HSG), and apolipopro-
tein CIII (Apo CIII). A2HSG contains both O- and N-linked
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glycosylation, Apo CIII contains only O-glycans, and A1AT con-
tains only N-glycans. Apo CIII glycosylation has been analyzed
by isoelectric focusing (IEF) to diagnose genetic defects in
O-glycan biosynthesis in congenital disorders of glycosylation.15

However, the IEF method depends on the availability of sialic
acid in the glycan molecule(s) and the technique is not able to
distinguish between mono and disialylated or other glycoforms
that do not contain sialic acid. Recently, mass spectrometry
methods have been used for the analysis of Apo CIII and its
isoforms.13,15−17 The quantitation of intact Apo CIII in the plasma
has been carried out in earlier studies using high-performance
liquid chromatography (HPLC) and a high resolution time-of-
flight instrument where the three most abundant Apo CIII
isoforms were analyzed.18

A2HSG, commonly known as fetuin A, is a plasma glycopro-
tein secreted by the liver and produced in high amounts at early
stages of human life.19 Fetuin A in neonates with intrauterine
growth restriction (IUGR) lack O-linked sialic acid residues that
are usually present in Fetuin A.20 Loss of sialic acid in circulatory
glycoproteins affects their half-life, generally leading to faster
degradation by liver cells as they bind to asialoglycoprotein
receptors (ASGPRs).21 A key function of fetuin A is to protect
against vascular calcification by solubilizing calcium and phos-
phorus in the plasma. The concentration of fetuin A is closely
associated with increased HDL cholesterol (HDL-C), triglycer-
ide (TG), and LDL cholesterol (LDL-C) in nondiabetic CAD
patients without chronic kidney disease (CKD). Fetuin glyco-
peptides have been analyzed using mass spectrometry,22−24 and
recently, a targeted method for measuring fetuin N-linked gly-
copeptides in the serum was reported.25 The targeted method
we have developed measures both the O- and N-linked fetuin
glycopeptides simultaneously. Alpha-1-antitrypsin (A1AT) is
one of the serine protease inhibitors (Serpins) mainly produced
by hepatocytes and is mainly found in the plasma. As an acute
phase protein, A1AT levels increase significantly upon the onset
of inflammation or post infection.26

We have developed structural profiling methods for mapping
both O- and N-linked glycosylation in a site-specific manner and
then measuring their levels in both bulk plasma and isolated
HDL particles. The method described here is the first to measure
simultaneously the levels of O- and N-linked glycosylation at
the site-specific level for HDL-associated glycoproteins. We find
that O- and N-linked glycopeptides undergo fragmentation that
produces unique oxonium ion responses.27 Multiple reaction
monitoring (MRM) is then used to quantitate protein and glycan
expression at the site-specific level. The described methods
provide a targeted glycan analysis of three key HDL-associated
proteins and indicate that the glycosylations of A1AT, A2HSG,
and Apo CIII differ between plasma and HDL particles. The
variation in glycosylation suggests partitioning toward the par-
ticles may be associated with glycans, and glycoproteins asso-
ciated with HDL particles represent a distinct subset of the
plasma proteome.

■ EXPERIMENTAL PROCEDURE

Glycoproteomics Analysis

Protein standards for Apo CIII, A1AT, and A2HSG from human
plasma were purchased from Sigma-Aldrich (St. Lous, MO).
Sequencing grade modified trypsin and dithiothreitol (DTT)
were purchased from Promega (Madison, WI). Iodoacetamide
(IAA) for capping the reduced disulfide bonds was purchased
from Sigma-Aldrich (St. Louis, MO). The 50 mM ammonium

bicarbonate (NH4HCO3) buffer for all the trypsin digestion
were freshly made just before starting the digestion process.
The nanopure water was dissolved in 50 μg of Apo CIII in the
container it was purchased in to make 2 mg/mL stock solution.
Both A1AT and A2HSG solid material were measured using
XP26 microbalance (Mettler Toledo, Columbus, OH) and then
dissolved in nanopure water to make 5 mg/mL stock solution.
For the peptide and glycopeptide determination, 20 μg of each
protein standard was pulled from the stock solution, and 50 mM
ammonium bicarbonate was added to commence the digestion
process.
Each standard solution was reduced using 2 μL of 550 mM

DTT at 65 °C for 50 min then alkylated using 4 μL of 450 mM
IAA in the dark at room temperature for 30 min. The samples
were then digested at 37 °C overnight using 1 μg of trypsin, and
then the reactions were stopped by placing the samples in−20 °C
for 1 h. The resulting tryptic digests were injected into the LC
QE-Orbitrap instrument for LC−MS/MS (liquid chromatog-
raphy−tandem mass spectrometry) data acquisition.

LC−MS/MS Analysis

The digest obtained in the procedure above was subjected
to MS/MS analysis using Q-Exactive Orbitrap MS (Thermo
Scientific, Waltham, MA). The LC column that was used for the
analysis was the Proxeon Easy-nLC II HPLC (Thermo Scientific,
Waltham, MA). The peptides were separated using a 75 μm ×
150 mm Magic C18 200 Å 3U reverse phase column using a
60 min gradient with a flow rate of 3 μL/min. The ions were
isolated (1.6 m/z window) and fragmented using high energy
collision dissociation (HCD) with M/Z scan range of 350−1600.
The normalized collision E of 27%was used for the fragmentation.
The tandem MS data were searched and interpreted using

Byonic software (Protein Metrics, Inc.).28 For the software ana-
lysis, the digestion enzyme was specified as trypsin with full
specificity. The precursor and the fragment mass tolerance was
set at 10 ppm. Because the alkylation agent IAA was used, the
carbamidomethyl modification was fixed. Other modifications
like oxidation of methionine and tryptophan, deamination of
asparagine and glutamine were set as common modifications.
Gln → pyro-Glu at N-terminal of glutamine and glutamic acid
were set as rare. The N-glycopeptides were searched against the
library of nonsodiated 309 mammalian N-glycans.
The glycopeptides were identified based on the respective

spectra quality: the delta mode greater than 10, mass error less
than 10 ppm, and log prob of more than 2. The glycopeptides
that did not meet these conditions were ignored. Identified gly-
copeptides were further inspected manually for identity confir-
mation. Further confirmation was performed by inspecting the
presence of unique oxonium fragments that are usually present
in the glycopeptides using tandem mass spectrometry. These
fragment ions masses include M/Z 204.08 (HexNAc), 366.14
(Hex1HexNAc1), 292.09 (Neu5Ac), and 274.09 (Neu5Ac -H2O).

Biological Sample Collection

Healthy men and women between 18 and 65 years of age, with a
BMI between 18.5 and 35 kg/m2, were recruited through word-
of-mouth, flyers, newspaper advertisements, and postings on
university Web sites to participate in a pilot dietary intervention
study. The study was approved by the Institutional Review Board
of the University of California at Davis. Subjects who qualified
for the study (not smokers, no history of anemia, currently con-
suming fast food no more than five times per week, no doc-
umented chronic diseases including diabetes, thyroid disease,
metabolic syndrome, cancer (active), or previous cardiovascular
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events, not currently consuming more than one alcoholic drink
per day, not participating in any weight loss programs, not
following any extreme or unusual exercise or diet patterns, no
recent weight fluctuations, not taking prescription lipid medica-
tions, and no presence of hyperglycemia) were enrolled in the
study and provided written informed consent. The study fol-
lowed all approved guidelines for the protection of subjects
and is registered with ClinicalTrials.gov with NCT # 03205254.
In this report, samples from the first five subjects recruited to
this study, who were following a simplified protocol that was
an earlier version of the final approved study described on the
ClinicalTrials.gov site, were analyzed and reported.
Following consent, subjects were scheduled for a baseline visit

to the Ragle Human Nutrition Research Center located on the
UC Davis campus. At the baseline visit, a fasting blood draw and
anthropometric measurements were taken. Each participant also
completed a health history questionnaire, a physical activity ques-
tionnaire, and a 3-day diet record to record their habitual diet.
Following the baseline visit, subjects consumed a “healthy” diet
which excluded fast food for 7 days, and completed a 3-day diet
record during this period. Subjects were instructed to emphasize
fruits and vegetables and avoid “fast food”. They were given food
lists with specific examples of what constituted healthy food
choices (e.g., salads, fruits, nuts) and specific examples of foods to
avoid (e.g., burgers and fries from a fast food restaurant). At the
end of the no fast food diet phase, subjects reported to the Ragle
Human Nutrition Research Center again for their first follow-up
study visit, which included a fasting blood draw, anthropometric
measurements, and the same questionnaires as the baseline study
visit.
Following the first follow-up study visit, subjects consumed

a fast food diet for 5 days. During this time, subjects were
instructed to eat all their meals (i.e., breakfast, lunch, dinner, and
snacks) selecting from the sample foods listed on the food list
provided, which emphasized convenience foods like burgers and
fries from fast food restaurants and avoided “healthy” food items
such as salads, whole grain cereal, nuts, and fruits. Subjects ate as
much or as little as they wanted throughout the day and at each
meal. They were instructed to maintain their normal activity level
during the study period and to collect a diet record for each day in
the study. Subjects were contacted twice during the dietary
period by e-mail or phone and were asked about their general
wellbeing. At the end of the 5-day period subjects returned for
the second follow-up study visit, which also included a fasting
blood draw, anthropometric measurements, and the same ques-
tionnaires as the baseline study visit.

HDL Isolation by Ultracentrifugation

HDLwas prepared using a modified procedure from a previously
report.11 Briefly, freshly prepared potassium bromide (KBr) with
densities, 1.063, 1.210, and 1.340 g/mL was used. The densities of
KBr were verified using the Densito30PX portable densitometer
(Mettler Toledo, Columbus, OH, USA). Briefly, 1.9 mL of plasma
was adjusted to d = 1.063 by adding a concentrated KBr solution
(d = 1.340). The adjusted plasma was underlain to a KBr density
solution of d = 1.063 g/mL for a final volume of 4.7 mL in each
tube (OptiSeal, Beckman Coulter). Ultracentrifugation was per-
formed for 3 h 10 min at 657 000g and 15 °C, following which
1.9mL of the LDL-containing supernatant fraction was collected.
The infranate containing the HDL fraction was adjusted to d =
1.210 g/mL. The adjusted low layer fraction was underlain to a
KBr density solution of d = 1.210 and then ultracentrifugation
was performed for 3 h 20 min at 657 000g and 15 °C. The top

1.0mL of solution, which was theHDL fraction at a density range
of 1.21−1.063 g/mL, was collected and subjected to diafiltration
using Amicon ultra-3K centrifugal filter devices. The HDL frac-
tions were desalted with water (Optima LC/MS) by two conse-
cutive steps of centrifugation for 25 min at 4 °C and 14 000g.

Quantification of Protein and Glycopeptide

Our lab has utilized MRM on the triple quadrupole (QQQ)
instrument for effective and efficient serum N-glycopeptide
quantitation.29 This method has been utilized to quantify gly-
coproteins and their glycosylation in the human serum using only
2 μL of serum.30 A similar method was recently developed to
measure the levels of milk proteins and glycoproteins,31 and
glycosylated monoclonal antibodies.32 Most biological samples
contain both O- and N-linked glycans, and methods to quantify
these glycoforms on a single experimental run are necessary.
The method outlined here quantifies both O- and N-linked
glycopeptides in the same experimental run for the first time. The
parameters were optimized for that unique purpose. The frag-
mentation patterns and the ionization efficiencies of the O- and
N-glycopeptides differ. The molecular and the product ions
masses for the glycopeptides were carefully selected from the
tandem mass spectrometry data. The developed QQQ method
involves ionizing the analytes in the positive ion mode and
detecting them at unit resolution.
To quantify the protein levels, known amounts of protein

standardswere firstmeasured and pooled together. These standards
were digested using trypsin and then serially diluted to six or more
concentration levels with ratios (e.g., 1.0:2.0:2.5:2.0:5.0:2.0) to
generate calibration curves. These calibration curves were used to
estimate the amount of the proteins in the biological samples.
All the standards and the samples were analyzed using an Agilent
1290 infinity LC system coupled to an Agilent 6490 triple
quadrupole (QQQ) mass spectrometer (Agilent technologies,
Santa Clara, CA). The samples were passed through the Agilent
eclipse plus C18 precolumn (RRHD 1.8 μm, 2.1 × 5 mm2) and
then separated on the Agilent eclipse plus C18 (RRHD 1.8 μm,
2.1 × 100 mm2) UHPLC analytical column. The 2 μL trypsin-
digested HDL sample solutions were injected into the UHPLC,
and the samples were separated at the flow rate of 0.5 mL/min.
The 14 min binary gradient used for separation was set as
follows: 2% B from 0.0−0.5 min; 2−15% B from 0.5 to 5 min;
15−44% B from 5−10 min; 44−100% B from 10 to 12.1 min;
and the flush was set at 100% B for 1.1 min and equilibrated for
0.8 min at 2% B before the next run. Solvent B was 90%
acetonitrile, 0.1% formic acid, while solvent A was composed of
3% acetonitrile and 0.1% formic acid all in nano pure water (v/v).
Each analyte was monitored as it eluted from the LC-ESI using

dynamic multiple reaction monitoring (dMRM) mode. This
reduced the number of analytes being monitored at any given
time during the LC-QQQ run. The collision energy for each gly-
copeptide was monitored and optimized to achieve the optimum
fragmentation and sensitivity. Each glycopeptide transition was
composed of the glycopeptide molecular ion of a certain charge
as precursor and the glycopeptide diagnostic oxonium ions such
as m/z 204.08 (HexNAc), 366.14 (Hex1HexNAc1), 292.09
(Neu5Ac), and 274.09 (Neu5Ac − H2O) as product ions.
The MRM data were analyzed using Agilent Mass Hunter

quantitative analysis software version B-05−02/build 5.2.365.0.
The limit of detection and limit of quantitation were determined
from the quantitative software signal-to-noise (S/N)≥ 3 and (S/N)
≥ 6, respectively. The coefficient of variance (CV) was used to
obtain the reproducibility of themeasurements (shown in Table 1).

Journal of Proteome Research Article

DOI: 10.1021/acs.jproteome.7b00604
J. Proteome Res. 2018, 17, 834−845

836

https://clinicaltrials.gov/
https://clinicaltrials.gov/
http://dx.doi.org/10.1021/acs.jproteome.7b00604


Only a few (15 out of 48) glycopeptides had a CV greater than
10. Nomenclature for each glycopeptide includes the protein
name, followed by the nature of the glycan, whetherOorN, the site
of the glycan attachment, and the glycan composition. The glycan
designation is based on the composition (number of hexose (hex)
N-acetylhexosamine (HexNAc), fucose (Fuc), and N-acetylneur-
aminic acid (NeuAc) residues). For example, A2HSG-N-156−
5402 denotes the protein fetuin A, N shows it is an N-glycan, 156
is the site, and 5402 indicate 5 hexoses, 4 HexNAc, 0 fucose, and
2 NeuAc.

Statistical Analysis

The statistical analyses were performed using JMP (R) Pro13.0.0
64-bit (SAS institute, Cary NC), and Microsoft Office Excel
(Microsoft, Seattle WA). The glycopeptides that were detected
in less than 70% of the samples were discarded. All the measure-
ments were transformed using log10 transformation to obtain
normally distributed values before performing statistical analyses.
We aimed to find out whether there were significant glycoform-
level differences between sample types (plasma and HDL) and
time points (A, B, and C) from the food consumption study.
We performed linear mixed model with sample type and time point
as the fixed effects and the subject ID (individual samples) as random
effects. The p-values obtained are shown in the data table (Table 1).
The Bonferroni corrected p-value for significance was calcu-

lated to be 0.002 (0.05/33); thus, any p-value < 0.002 was con-
sidered statistically significant. Principal component analysis
(PCA) was performed to evaluate whether individual groups
would cluster together when all the variables are used. The PCA
parameters included linear fittings. Canonical plots were extracted
with cluster and the constellation plots obtained from the data.

■ RESULTS AND DISCUSSION
Numerous studies havemapped the proteins associated withHDL
and even the sub fractions of HDL using several methods6,13,33,34

including intact apolipoproteins,35 and multiple reaction mon-
itoring (MRM) of protein digest.36 Aside from our recent reports
on HDL glycosylation, there were few reports where HDL gly-
cosylation was analyzed.11,13,14,37 Our previous studies showed
that HDL particles are highly sialylated.11 The present work
involves an in-depth characterization of O- and N-linked HDL
glycosylation comparing the glycans in plasma with those bound
in HDL particles. It is the first quantitative method where both
O-and N-linked glycosylation are analyzed in the same experi-
mental run. An LC-QE-orbitrap was used to acquire MS/MS
data for peptide and glycopeptide identification. LC-QQQ was
used for targeted measurement of the glycopeptides in biological
samples using dynamic MRM mode. There were no statistically
significant time point effects observed, indicating that the
glycoform levels were not affected by the dietary changes the
subjects made during the course of this study.

O-Linked Glycopeptides from Apo CIII

Apo CIII is a 8.8-kDa protein found in plasma lipoprotein par-
ticles including chylomicrons, very low density lipoprotein (VLDL),

low density lipoprotein (LDL), and HDL. Apo CIII is a lipopro-
tein lipase inhibitor and is involved in triglyceride-rich lipopro-
tein (TRL) metabolism. It is also an indicator of risk of coronary
heart disease and other cardiovascular events.38,39

ApoCIII is known to contain onlyO-linked glycopeptides on a
single site.40 The most common Apo CIII glycoforms include
asialylated (Apo CIII0), monosialylated (Apo CIII1), and dis-
ialiylated (Apo CIII2) forms. We found other less abundant gly-
coforms from the full-length Apo CIII protein in the tryptic
peptide FSEFWDLDPEVRP74TSAVAA near the C-terminus
and on the truncated protein (FSEFWDLDPEVRP74TSAVA)
where the C terminus alanine residue is removed.
A total of 20 glycoforms were identified in Apo CIII. Figure 1

shows representative tandem mass spectra of Apo CIII O-gly-
copeptides from a full protein sequence (Figure 1A) and the
truncated form (Figure 1B). We obtained extensive structurally
informative fragmentation for both the glycan and the peptide
that allowed us to unambiguously assign the position of the
glycan in the peptide. With the aid of the Byonic software and
manual confirmation, we identified the glycopeptide spectra that
were observed in the tandem MS data. Apart from the three
commonly observed glycoforms, the full sequence Apo CIII
contained the following less common glycoforms; 0300, 0310,
1210, 1300, 2110, 2212, 2230, 2220, 2301,1202, 1111, 2200, and
1311 (XXXX represent the number of Hex, HexNac, Fuc, and Sia,
respectively). Most of the observed glycoforms were fucosylated,
and nearly half were sialylated. Other unusual ApoCIII glycoforms
have been observed in urine from patients with Schistosoma
mansoni, with the observed glycoforms in that study being less
sialylated and more fucosylated.17 A number of unusual serum
Apo CIII glycoforms have also been observed using top down
MALDI−FTICR16 andmass spectrometric immunoassay (MSIA)
methods.41

The glycoforms observed in the truncated peptide include
1101, 1102, 1211, 1202, 2110, and 2300. They were lower in
abundance and less fucosylated than those observed in the full-
length sequence. The nonglycosylated truncated Apo CIII pep-
tide was not detected in our analysis. Truncated Apo CIII has
been observed previously and is associated with elevated car-
boxypeptidase, which hydrolyzes the amino acids at the end of
the C-terminus.42 Truncation alters the properties of Apo CIII.
Increased carboxypeptidase in the serum has been associated
with increased lipase activity in pancreatic cancer patients.42

O- and N-Linked Glycopeptides for Human Fetuin A

Human fetuin A contains both N- and O-linked glycans. At least
18N-linked glycoforms (ormore correctly glycocompositions) were
observed on both sites 156N on peptide, VCQDCPLLAPLNDTR,
and 176N the peptide AALAAFNAQNNGSNFQLEEISR. There
were eight glycoforms on site 156, while site 176 was found to
contain 10 unique glycoforms (Figure 2). Most of the N-linked
glycans in fetuin A are complex biantennary and sialylated. Each
of these glycopeptide composition is assignable from the pep-
tide and the glycan fragmentation. All the glycopetide spectra
contained diagnostic ions (HexHexNac (M/Z 366.14), HexNac

Table 1. List of Glycopeptidesa, Precursor, Product, Optimized Collision Energy, Peptide Bearing the Glycan, Coefficient of
Variance from Three Separate Measurements, and Two P-Values from Mixed Model Analysis Showing Differences by Sample
Typeb and by Time Point
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Table 1. continued

aThat is, protein_Glycan type_site_HexnHexNacnFucnSialicAn.
bWhen red, statistically significant after Bonferroni correction.
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(M/Z 204.09), and the sialylated forms had NeuAc-H2O (M/Z
274.09). The diagnostic ions, which are readily available in glyco-
peptide spectra, are important in the development of a quantitative
method. An example of the tandemmass spectrum data for these
glycoforms is shown in the Supporting Information (Figure S1).
As typical of N-linked glycopeptide spectra, the spectrum was
dominated with fragments associated with the glycan and a few
peptide backbone fragments.
O-linked glycans lack a consensus motif like the N-linked

glycans; therefore, they can be found on any serine (S) and
threonine (T) residue. About 12% of human fetuin A amino acids
are S and T residues and could potentially be glycosylated.
The fetuin O-glycopeptides were observed on four sites (Figure 3).
Two glycopeptides contain two sites that are both occupied.
The peptide H319TFMGVV325SLGSPSGEVSHPR contains sites
319T and 325S observed with four and two glycans, respectively.
The other peptide 346TVVQP351SVGAAAGPVVPPCPGR con-
tains sites 346T and 351S with three glycans and one glycan,
respectively. The HCD data provided fragmentation information
that was used to unambiguously assign the site of each glycan.
Unlike the N-linked glycopeptide spectra, many peptide back-
bone fragments were observed for the O-glycopeptide spectra.
Some peptide ions contained a remnant of the glycan that
was attached to the peptide or peptide fragments. For example,
the most abundant fragment in Figure 2a was a y11 fragment.
This fragment was also found with a GlcNac (Y11+GlcNAc) and
with HexHexNac (Y11+HexHexNAc).

Simultaneous Quantitation of O- and N-Linked
Glycopeptides in HDL Particles

The glycan map of the respective proteins obtained with
LC−MS/MSwas used to develop aMRM transitions on the triple
quadrupole to create a targeted method to quantitate Apo CIII,
fetuin A, and A1AT and their glycoforms. First, robust peptides for
measuring the level of proteins were screened and target pep-
tides were identified. These peptides are AHYDLR, LSITG-
TYDLK, andGWVTDGFSSLK for fetuin A, A1AT, and ApoCIII,
respectively. These tryptic peptides are unique to the respective
protein and contain no mis-cleavage sites. The peptide response
was tested for repeatability and reproducibility, and their linear
response was also noted.
The MRM method was first developed and optimized using

mixtures of glycoprotein standards. Each transition was opti-
mized individually for the molecular ion mass and the collision
energy. The tuning parameters were manually examined to
ensure optimal fragmentation and production of the product ion.
The final method consisted of a 14 min separation gradient. Out
of the 48 glycopeptide transitions, 21 were O-glycopeptides. The
identified O-glycans bound to the peptides were smaller than the
N-linked glycopeptides. The O-glycopeptides were fragmented
with higher collision energy compared to the N-linked glycopep-
tides because they appeared more stable than the N-glycans
during CID. Eqs 1 and 2 show the mathematical expressions
used to calculate the optimized activation energy for two types of
ions. The product ions that produced the most signal in different

Figure 1. Tandem mass spectral data of Apo CIII O-glycopeptides obtained from the QE orbitrap. (a) Glycan in full sequence protein peptide, and (b)
the same glycan attached to a truncated (C terminal alanine is removed) form of the protein. Extensive fragmentation able to identify glycan and locate
the glycosylation sites is obtained in both glycopeptides.
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glycoforms were selected as product ions. The sialylated
O-glycoforms produced M/Z 274.09 (NeuAC − H2O) in high
signal so this fragment was selected for these types of glycoforms.
HexNAc (M/Z 204.09) was the best product ion for other
O-linked glycoforms that were not sialylated. The most intense
fragment ion for the N-glycopeptides was M/Z 366.14.
N-linked glycopeptides collision energy equation

× −⎜ ⎟⎛
⎝

⎞
⎠

M Z
1.8

/
100

2.4
(1)

O-Linked glycopeptides collision energy equation

× −⎜ ⎟⎛
⎝

⎞
⎠

M Z
3.6

/
100

4.8
(2)

Glycosylation of Protein in Plasma versus HDL Particles

Plasma protein glycosylation has been studied, but there has been
no reported study comparing HDL glycosylation to the matched
plasma.43 Differences in HDL and plasma glycosylation of the
same protein would indicate glycan specificity in recruiting pro-
teins into HDL particles. Wemeasured the levels of the glycopro-
teins and the site-specific glycosylation profiles in plasma and the
isolated HDL particles from the five subjects described above.
The levels of glycoproteins were estimated using the QQQ
response of the peptides from nonglycosylated regions of the
protein. The levels for Fetuin A, A1AT, and Apo CIII in the HDL
were 0.002. 0.093, 0.397 mg/mL, respectively, while the plasma
levels were 0.108, 0.995, and 0.037 mg/mL, respectively. The
level of Apo CIII was higher in HDL compared to the plasma,
while the levels A1AT and Fetuin A were lower in HDL com-
pared to plasma. This is an indication that Apo CIII protein is
enriched in HDL particles (Table 1).

The glycopeptides were quantitated with MRM with the gly-
copeptide abundance normalized to the protein abundance. Nor-
malizing the glycopeptide abundance decouples it from changes
in protein concentration. Shown in Figure 4 is an example of a
14 min run, with the glycopeptide peaks annotated. Table 1 lists
all of the p-values for the mixed model analysis by sample type
and time point, indicating that there were no statistically sig-
nificant differences by time point (no significant effects of diet),
but that there were several statistically significant differences by
sample type (i.e., plasma vs HDL) across multiple glycopeptides.
The two most abundant sialylated glycoforms in Apo CIII

show unique trends in the full sequence and the truncated forms
(Figure 5). Ten out of the thirteen Apo CIII glycoforms quan-
tified were found to differ significantly between HDL and plasma
(upper panel). The sialylated glycoforms 1101 and 1102 in the
full sequence Apo CIII were significantly higher in the isolated
HDL particles compared to matched plasma. The fucosylated
glycoforms (0310, 1210, 1311, and 2110) were significantly lower
in HDL particles compared to plasma. There were no significant
differences between plasma and HDL for the disialylated 1102
glycoform in the truncated Apo CIII. The same glycoform shows
strong differences in the full Apo CIII protein. The levels of the
monosialylated (1101) glycoform in the truncated Apo CIII
in plasma and isolated HDL particles were both significant but
more pronounced with the full-length protein (Figure 5). Most
of the nonsialyated Apo CIII glycoforms were higher in the
plasma compared to the levels in HDL particles. HDL extracted
from the same individual showed clustering with regard to the
glycoform distribution as shown in the constellation map in
Supplementary Figure 1.
Nonglycosylated Apo CIII hinders the breakdown of triglycer-

ides, which can lead to hypertriglyceridemia and atherosclerotic

Figure 2. Fetuin A glycopeptide tandem MS spectra obtained in two sites. (a) Site 319 and (b) site 346. The peptide backbone fragments obtained in
both spectra can unambiguously locate the glycan to its site.
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diseases.44 Changes in the commonly studied Apo CIII glycoforms
have been observed in other diseases like uremia, kidney disease,
obesity, and autosomal recessive cutis laxa type 2 patients.13,45

Sialylation was found to decrease in most of these studies. In type 1
diabetes where ApoCIII promotes Ca2+ dependent B cell death, the
levels of sialylated (Apo CIII1 and Apo CIII2) isoforms are
significantly elevated, while Apo CIII0, which is not glycosylated,
is not detectable.46 Apo CIII sialylation is down-regulated in
many other pathological conditions including cancer.47,48

Fetuin contains both N- and O-glycosylation. Except the
glycoform 6510, all the fetuin glycoforms in site 156 were

significantly elevated in HDL compared to plasma. The N-linked
glycoforms on site 176 were not significantly different in HDL
compared to plasma. The two O-linked glycoforms on site 346
that were quantified were also found to be higher in HDL com-
pared to plasma. This is an indication that fetuin A that is recruited
to HDL has increased glycosylation. Chronic dialysis patients
frequently have low A2HSG.49

Fetuin A decreases significantly in response to an infection
or inflammation, and it plays an important role as an anti-
inflammatory mediator.50,51 Glycosylation in fetuin A plays a
critical role in which lipids induce insulin resistance. Fetuin A

Figure 4. Extracted ion chromatograms of individual glycoforms as obtained from the UHPLC-QQQ. The glycoforms sharing the same peptide
backbone all elute at close retention times because the retention of the glycopeptide in the column is dependent on the peptide backbone properties.

Figure 3. Glycomap of both N- and O-linked in Fetuin A and Apo CIII including the truncated form of the Apo CIII protein. The tandemMS data for
the glycopeptides resolved the site of the glycans even when the peptide contained two O-linked glycan sites.
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acts as an endogenous ligand of TLR4 to promote lipid-induced
insulin resistance.52 More branched and core fucosylated
N-linked glycoforms of fetuin A at site 156 have been found to
increase significantly in acute pancreatitis and pancreatic cancer
patients.53

Eight glycoforms of A1AT were found in both plasma and
HDL samples. Most of them had the same levels in both samples.
Glycoforms 5411 on site 107 and 5402 on site 271 were higher in
HDL compared to plasma samples. Although the levels of these
glycoforms do not show strong differences between HDL and

Figure 5.Quantitative data obtained from HDL and matched plasma: (a) Apo CIII glycopeptides relative abundances in plasma and HDL. (b) Cluster
analysis of the Apo CIII data, the PCA analysis shows clear separation between the two groups of samples, the loading plot showing that fucosylated/less
sialylated glycans are unique to plasma, while sialylated glycoforms are found in higher levels in HDL, (c) relative glycopeptide abundances for the A1AT
and Fetuin A proteins in plasma and HDL. ∗ indicates the measurement was significantly different.
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plasma, our recent analysis of these glycoforms showed that they
are enriched in patients with metabolic syndrome when com-
pared to controls.54 A1AT glycosylation is vital for its secretion
by monocytes.55 A1AT glycosylation has been found to differ
between serum and hepatocytes.56 Fucosylated biantennary
A1AT glycans increase significantly in the serum of hepatocel-
lular carcinoma patients.57 Thus, while glycosylation is important
for the secretion of A1AT from cells, it does not appear to be
involved in the partitioning of A1AT into HDL. Alternatively, it
is possible that most of A1AT that is in plasma is associated with
HDL.

■ CONCLUSION
Site-specific mapping and quantitation add important molecular
detail to the analysis of biological samples. This work demon-
strates the utility and application of methods for measuring the
levels of both N- and O-linked glycosylation in a complex pro-
tein mixture in a single experimental run. The additional detail
obtained by the site-specificity of the glycosylation pattern of
important proteins may provide important information about the
functional properties of these proteins, and the HDL particles
with which they are associated. This information may be a dis-
tinguishing factor of whether the HDL is functional or dysfunc-
tional. In fact, our group recently showed that site-specific
differences in the glycosylation of HDL-associated proteins can
distinguish between HDL particles that stimulate versus inhibit
cytokine production in stimulated monocytes.14

This pilot study demonstrates that the glycosylation patterns
of proteins that associate withHDL particles are distinct from the
glycosylation patterns of these same proteins in matched plasma.
The results suggest that specific glycoforms are recruited into
HDL. Although all glycoforms that are found in HDL are also
found in plasma but in different proportions, the data suggest
that there are some that are most favored for colocalization with
HDL. These results should be confirmed in a larger sample set to
demonstrate the generalizability of our observations. Our results
demonstrate that a method for the comprehensive analysis of
site-specific glycosylation in isolated HDL particles may be useful
for the development of lipoprotein-based diagnostics that could
improve the diagnosis and management of disease.
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