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Abstract Endogenous labeling with stable isotopes is used
to study the metabolism of proteins in vivo. However, tradi-
tional detection methods such as GC/MS cannot measure
tracer enrichment in multiple proteins simultaneously, and
multiple reaction monitoring MS cannot measure precisely
the low tracer enrichment in slowly turning-over proteins as
in HDL. We exploited the versatility of the high-resolution/
accurate mass (HR/AM) quadrupole Orbitrap for proteomic
analysis of five HDL sizes. We identified 58 proteins in HDL
that were shared among three humans and that were orga-
nized into five subproteomes according to HDL size. For
seven of these proteins, apoA-I, apoA-Il, apoA-IV, apoC-III,
apoD, apoE, and apoM, we performed parallel reaction mon-
itoring (PRM) to measure trideuterated leucine tracer enrich-
ment between 0.03 to 1.0% in vivo, as required to study their
metabolism. The results were suitable for multicompartmen-
tal modeling in all except apoD. These apolipoproteins in
each HDL size mainly originated directly from the source
compartment, presumably the liver and intestine. Flux of
apolipoproteins from smaller to larger HDL or the reverse
contributed only slightly to apolipoprotein metabolism.Hl
These novel findings on HDL apolipoprotein metabolism
demonstrate the analytical breadth and scope of the HR/AM-
PRM technology to perform metabolic research.—Singh, S.
A., A. B. Andraski, B. Pieper, W. Goh, C. O. Mendivil, F. M.
Sacks, and M. Aikawa. Multiple apolipoprotein kinetics mea-
sured in human HDL by high-resolution/accurate mass paral-
lel reaction monitoring. J. Lipid Res. 2016. 57: 714-728.
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Stable isotope amino acid tracers are commonly used to
study the kinetics of proteins in circulation (1). GC/MS
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usually determines isotope enrichment by measuring the
derivatized forms of D0 and trideuterated leucine (D3-Leu)
(2, 3), amethod with high cost and low sensitivity and speci-
ficity. Recently, proteomics-based triple quadrupole multi-
ple reaction monitoring (MRM) permitted a more practical
and highly specific multipeptide approach to in vivo kinetic
studies (4, 5). However, MRM relies on low-resolution read-
outs (unit mass resolution) that do not readily permit pre-
cise quantification of tracer enrichment that is lower than
1%, which is common in apolipoprotein kinetics (5, 6). Fac-
tors contributing to low precision include interference by not
only the sister isotope 13C15N M3 ion but also background
ions. In this study, we aim to extend further the scope of
in vivo kinetics by exploiting the recently developed high-
resolution/accurate mass parallel reaction monitoring
(HR/AM-PRM) method performed on the quadrupole
Orbitrap mass spectrometer (7, 8). The HR/AM fragment
ion scan feature has the potential to measure D3-Leu en-
richment between 0.03% and 1.0%, a low incorporation
range that is a consequence of a bolus-administered tracer,
useful in revealing tracer-tracee relationships.
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Epidemiologic studies have consistently shown that low
HDL, either measured by the levels of its cholesterol con-
tent (HDL-C) or its primary protein (apoA-I), is an inde-
pendent risk factor for coronary heart disease (CHD) (9,
10). However, genetic variations associated with differ-
ences in HDL-C but not in LDL cholesterol (LDL-C) and
TGs are not associated with CHD risk (11). Treatments
that raise HDL-C or apoA-I have so far failed to show ben-
eficial effects in CHD prevention (12-15). HDL is a com-
plex population of lipoproteins with a diverse content of
proteins and lipids. Targeting HDL simply by increasing
its cholesterol and/or apoA-I concentration alone may not
suffice to reduce risk (16).

Apolipoprotein metabolism has been extensively studied
in VLDL and LDL (17-19), but to a lesser extent in HDL.
HDL apolipoprotein metabolism is commonly studied by
labeling apoA-I using radioisotopes or by stable isotope
amino acids such as D3-Leu. The kinetic parameters, frac-
tional catabolic rate (FCR) and production rate (PR), are
typically determined for HDL using total plasma apoA-I,
whereas only a handful of studies have looked into apoA-I
HDL metabolism by size: large HDL, and small HDL; (20,
21); prebeta and oo HDL (22); and very recently, prebeta,
a3, a2, and a1l HDL (3). In this latter study, Mendivil et al.
(3), who utilized GC/MS for tracer enrichment analysis,
demonstrated that the canonical HDL size-expansion
model (prebeta is converted to a3, then to a2 and then to
ol HDL), which is posited to play a role in reverse choles-
terol transport (23), could not explain their apoA-I tracer
enrichment data. In fact, the final best-fit model indicated
that the majority of apoA-I on « HDL originated from the
source compartment, presumably the liver mainly and in-
testine secondarily; size expansion pathways only provided a
minor contribution to apoA-I secretion on o HDL (3). Be-
sides apoA-I, the kinetics of other HDL apolipoproteins,
such as apoA-II, apoE, apoC-11I, and apoA-IV remain unex-
plored in the context of HDL size (24-26). The kinetics of
others, such as apoM and apoD, have yet to be studied.

We present a comprehensive workflow for a mass spec-
trometric-dependent characterization of the HDL pro-
teome. We investigated the distribution of HDL proteins
in humans across five HDL sizes by both spectral counting
and stable isotope dilution quantification methods. Also,
we present the first ever report of HR/AM-PRM to mea-
sure D3-Leu tracer enrichment in the range of 0.03% to
1.0%, which is necessary to determine in vivo the kinetic
parameters of HDL apolipoproteins, and applied the
method to seven apolipoproteins across five HDL size frac-
tions. The enrichment curves and plasma pool sizes were
then used for multicompartmental modeling to identify
the source, conversion, and removal pathways for each
apolipoprotein across the HDL size fractions. These analy-
ses corroborate the recent findings by Mendivil et al. that
like apoA-], the other apolipoproteins appear on HDL pri-
marily from their respective source compartments.

The kinetics of the proteins that HDL contains may lead
to an improved understanding of HDL function in humans
and eventually the development of more reliable clinical
markers of CHD risk and HDL-based targets for treatment.

MATERIALS AND METHODS

Subject screening and enrollment

We studied 3 participants, two female (250 and 225) and one
male (243), who were ages 25, 33, and 49 years old; were over-
weight or obese with a BMI of 26, 31, and 31 kg/mg; and had low
HDL-C levels of 48, 37, and 24 mg/dl, respectively (supplementary
Table 1). Exclusion criteria included high LDL-C (>190 mg/dl);
low HDL-C (<20 mg/dl); very high fasting TG (>500 mg/dl); apoE
genotypes E2E2, E2E4, or E4E4; use of medications or therapies
that can alter lipid levels (lipid-lowering medications, beta block-
ers, some psychiatric medicines, and hormone replacement); sec-
ondary hyperlipidemia (such as untreated hypothyroidism); any
hepatic or renal complications (as identified by chemistry panel);
diabetes mellitus; pregnancy; or individuals who refuse to eat the
study diet and abstain from alcohol consumption.

Subjects who expressed interest in the study were initially
screened for eligibility by phone call followed by a visit to the
Center for Clinical Investigation (CCI) at Brigham and Women’s
Hospital. During the CCI visit, a diet questionnaire and a blood
sample were collected to assess eligibility. All subjects who were
deemed eligible and wanted to participate in the study gave writ-
ten informed consent. This study was approved by the Institu-
tional Review Board of Brigham and Women’s Hospital and
Harvard School of Public Health.

Dietary protocol

The three participants consumed a high-unsaturated-fat diet
consisting of 37% calories from fat (8% saturated, 24% monoun-
saturated, and 5% polyunsaturated). The diet adhered to the In-
stitute of Medicine Dietary Reference Intake guidelines for healthy
nutrient intake (http://ods.od.nih.gov/Health_Information/
Dietary_Reference_Intake.aspx) and was formulated by Brigham
and Women’s Hospital CCI nutrition research unit. All food and
beverages were provided for the duration of the study. Alcoholic
beverages were not part of the study diet, and intake was not per-
mitted. Participants visited the CCI every Monday, Wednesday,
and Friday where they picked up food, completed a food diary,
and had their body weight measured. Calories were adjusted to
compensate for any complaints of hunger or satiety or changes in
body weight.

Tracer infusion protocol

The three participants ate a controlled, high-unsaturated-fat
diet for 32 days, 28 days prior to the kinetic study, and 4 days dur-
ing the kinetic study. On the morning of day 28, participants were
admitted to Brigham and Women’s Hospital CCI where they re-
ceived an intravenous bolus injection of the stable isotope tracer
D3-Leu at a concentration of 10 mg/kg over 10 min. Blood was
sampled immediately before the bolus injection (time 0 h), and at
0.5,1,1.5,2,3,4,6,8,10, 12, 14, 16, 18, 22, 46, 70, and 94 h postin-
fusion. After the 22 h sample was collected, participants were dis-
charged. Over the next 3 days, the 46, 70, and 94 h postinfusion
blood samples were collected at the ambulatory CCI.

Total plasma leucine enrichment quantification

Total plasma leucine (D3-Leu labeled and endogenous) was iso-
lated from 0.2 ml of plasma from time points 0, 1, 2, 3, 4, 6, 8, 10, 12,
14, 18, 22, 46, and 70 h postinfusion using an AG 50W-X8 cation
exchange resin (Bio-Rad). The isolated amino acids were then dried
under nitrogen, derivatized to heptafluorobutiric acid esters, and
measured using GC/MS (Agilent 6890 GC, 5973 MS). The total
plasma tracer (D3-Leu) enrichment was quantified by taking the
area under the curve of the tracer divided by the area under the
curve of total plasma leucine (D3-Leu tracer + Leu tracee).
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HDL preparation and native gel electrophoresis

Immediately after each time point collection, plasma was iso-
lated from blood by refrigerated centrifugation and then aliquot-
ted and stored at —80°C. HDL was isolated from time points 0,
0.5,1,1.5,2,4,6,8,10, 12, 14, 16, 18, 22, and 70 h for participant
243, and 0, 2, 4, 6, 12, 18, 22, and 70 h for participants 225 and
250. HDL was purified from 1 ml of plasma by overnight incuba-
tion with anti-apoA-I immunoglobulin (Academy Biomedical,
Houston, TX) bound to sepharose 4B resin (Academy Biomedi-
cal). The unbound non-apoA-I-containing fraction was collected
by gravity flow, and the bound apoA-I-containing fraction was
cluted using 3 M NaSCN (Sigma-Aldrich, St. Louis, MO). To eval-
uate whether any apoB lipoproteins that contained apoA-I were
affecting the HDL measurements, we removed apoB lipoproteins
by dextran sulfate/magnesium chloride precipitation from par-
ticipant 243 time points 0, 2, 4, 6, 12, 18, 22, and 70 h (27). HDL
purification was then carried out as described above. HDL was
separated by size using nondenaturing polyacrylamide gel elec-
trophoresis (ND-PAGE) on a 4-30% gradient gel (Jule INC) run
at 15 mA for 16 h. A molecular weight standard from the GE/
Amersham calibration kit (catalog no. 17-0445-01) was run along-
side the samples. After completion of the run, the gel was stained
for 1-2 h in Coomassie Brilliant Blue (Invitrogen, Grand Island,
NY) and destained in ddH,O until the gel background was mostly
clear. Using the molecular weight standard as a guide, portions of
the gel corresponding to each HDL size were excised: above 12.2
nm, a0; between 12.2 nm and 9.5 nm, al; between 9.5 nm and
8.2 nm, a2; between 8.2 and 7.2 nm, «3; and band at 7.1 nm,
prebeta (28) (supplementary Fig. 1A). Because the uppermost
gel fraction has not been previously characterized, we have re-
ferred to this fraction as a0, adhering to the a and prebeta size
fraction nomenclature. However, previous two-dimensional elec-
trophoresis studies have indicated this slowest migrating apoA-I
fraction may comprise a second, larger-sized prebeta subpopula-
tion (prebeta-2) as well as very large o HDL (28, 29).

Human apoA-I protein/FLEXIQuant standard

A plasmid containing human apoA-I (clone HsCD00000689)
was purchased from the Dana Farber/Harvard Cancer Center
DNA Resource Core. The gene was subcloned into the FLEXI-
Quant vector containing the N-terminal 6XHistine tag (30) using
the Kpnl and Nofl cloning sites. The Kpnl-based primer, GGGG-
TACCATGAAAGCTGCGGTGCTG, and the Nod-based primer,
GGGCGGCCGCICACTGGGTGTTGAGCTTCTTAG, were pur-
chased from Integrated DNA Technologies. The underlined
nucleotides correspond to apoA-I sequences. ApoA-I in vitro
transcription and translation was done using the CellFree Sci-
ences Kit [WEPRO2240H; Cambridge Isotope Laboratories
(CIL)]. L-Arg-13C8-15N2 (catalog no. CNLM-539-H-PK), L-Lys-
13C6-15N2 (catalog no. CNLM-291-H-PK), and L-Leu-(5-5-
5-2H3/D3-Leu) (catalog no. DLM-1259-1) were purchased from
CIL. All 20 natural amino acids were purchased from Sigma. The
final labeled FLEXIQuant standard is referred to herein as
FLEX-apoA-I. The protein was purified by nickel sepharose
(GE Healthcare) based affinity for the N-terminal 6XHIS tag (4).
The 13C15N Arg/Lys-labeled FLEX-apoA-I used for absolute
quantification studies was eluted from nickel sepharose and kept
in solution; a small aliquot was used for ELISA assays and the rest
for in-solution trypsin digestion. The 13C15N Arg/Lys-labeled
FLEX-apoA-I was quantified using the in vitro synthesized refer-
ence light FLEX peptide (TENLYFQGDISR; New England Pep-
tide) during MS analysis (and by ELISA). Light and D3-Leu-labeled
apoA-I mixtures used for PRM standard curves were SDS-PAGE
analyzed for in-gel trypsin digestion. The alkylation step for both
in-solution and in-gel (FLEX-apoA-I standard and HDL proteins)
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trypsin reactions was omitted to increase throughput of samples.
Trypsin reactions were done for 4 h (4). Peptide samples were
resuspended in 5% acetonitrile, 0.5% formic acid prepared in
HPLC-grade water.

Relative and absolute quantification of apolipoproteins

Spectral counting was used for the relative quantification of the
apolipoproteins: a given protein’s peptide spectrum matches
(PSMs, derived from the sum of three time points, i.e., 0, 4, and
12 h) for each HDL size fraction were normalized to the total
PSMs for all size fractions for that protein (sum normalization)
per participant (supplementary Fig. 1B, C). The PSMs were nor-
malized this way in lieu of normalization to the entire HDL pro-
teome because with the latter approach, apoA-I dominated the
output, compressing the signals of the remaining apolipoproteins.
In addition to the FLEX-apoA-I standard above, in vitro synthesized
peptides for absolute quantification (AQUA peptides; supple-
mentary Fig. 2A) were used to quantify six additional apolipo-
proteins, including apoA-II (SPELQAFEA[K-label]), apoA-IV
(TQVNTQAEQL[R-label]), apoC-III (DALSSVQESQVAQQA[R-
label]), apoD (VLNQEL[R-label]), apoE (LGPLVEQG/[R-label]),
and apoM (FLLYN[R-label]), purchased from New England Pep-
tides (NEP) and quantified by the absolute amino acid method
(NEP), including the light FLEX peptide above. The peptide stan-
dards were chosen based on the following criteria: 7) fully cleaved,
2) devoid of methionines and cysteines, and 3) not reported to be
posttranslationally modified (reference: Uniprot.org). We also en-
sured that our standard peptides were on the higher end of ioniza-
tion signal intensity [as judged by the area under the curve of the
extracted ion chromatogram (XIC) ], when compared with other
peptides from the same protein, which decreases the likelihood
that the peptides are posttranslationally modified (30, 31). Argi-
nines were labeled with 13C8,15N2; lysines, with 13C6,15N2. We
established the appropriate spike-in amount for the peptides by
determining the linear range of ionization (area under the curve
of the MO ion) for both the standard and sample-derived peptides
(supplementary Fig. 2B, C). Quantification of the labeled apoA-I
standard mixture was calculated by the unlabeled FLEX peptide
tag (30, 32). The optimal peptide spiking mixture comprised
FLEX-apoA-I tryptic peptides and the six AQUA peptides at a final
on-column amount of 10 fmol FLEX peptide and 1 fmol each of
the other apolipopeptides. The HDL sample peptides were diluted
1in 40 (supplementary Fig. 2B, C).

LC-MS/MS

Peptide samples were analyzed with the QQ Exactive mass spec-
trometer fronted with a Nanospray FLEX ion source, and coupled
to an Easy-nLLC1000 HPLC pump (Thermo Scientific, Bremen,
Germany). The peptides were subjected to a dual-column setup:
an Acclaim PepMap RSLC C18 trap column (75 pm x 20 mm) and
an Acclaim PepMap RSLC C18 analytical column (75 wm x 150
mm; Thermo Scientific). The analytical gradient was run at 250
nl/min from 5% to 18% solvent B (acetonitrile/0.1% formic acid)
for 10 min or 30 min, followed by 5 min of 95% solvent B. Solvent
A was 0.1% formic acid. All reagents were HPLC grade. For stan-
dard data-dependent MS/MS, the instrument was set to 140 K
resolution, and the top 10 precursor ions (within a scan range of
m/z 380-1,500) were subjected to higher energy collision-induced
dissociation (HCD), collision energy 25% (stepped CE * 10%),
isolation width m/z 3, and 17.5 K resolution. For HR/AM-PRM ac-
quisitions, the DIA module was used by including an MS1 isolation
list comprising a 2 min to 3 min retention time window for a given
peptide. The peptide retention time overlaps were minimized in
order to dedicate high-resolution acquisitions on a single peptide
per scan (supplementary Fig. 3 and supplementary Table 2). Each



peptide MS1 isolation window was centered on the average m/z of
MO and M3 peaks (or M6 for 2 leucines), + m/z 5. The maximum
ion cutoff was set to 5e6. The HCD collision energy was set to 25 +
10%. The MS data were queried against the Human UniProt data-
base (downloaded August 1, 2014) using the HT-SEQUEST search
algorithm (33), via the Proteome Discoverer (PD) Package (ver-
sion 1.4; Thermo Scientific), using a 10 ppm tolerance window in
the MS1 search space and a 0.02 Da fragment tolerance window
for HCD data. Methionine oxidation was set as a variable modifica-
tion. Recombinant APOA-I (FLEX-apoA-I) was searched against a
custom database, which comprised the Saccharomyces cerevisiae Uni-
Prot database (downloaded March 27, 2012) to which the FLEX-
APOA-I sequence was added. The peptide false discovery rate was
calculated using Percolator provided by PD.

Peptide enrichment quantification

Skyline (https://skyline.gs.washington.edu) was used as a visu-
alization tool for analyzing MS/MS data and for candidate fragment
ion filtering, as well as for MS1-based quantification. Manual
quantification of the MO and 2H M3 fragment peaks was done
by calculating the XICs of the area under the peaks using the
Xecalibur software (Thermo Scientific). If the peak valley was
>10% of the peak height (i.e., for ions approximately greater
than m/z 500), the extraction was taken from the valley point.
The XIC values were recorded and plotted in Excel (Microsoft).

Calculation of apolipoprotein pool sizes

The pool size (total milligrams of protein in plasma) for apoA-l,
apoA-Il, apoA-1V, apoC-III, apoD, apoE, and apoM in the «0,
al, a2, a3, and prebeta HDL size fractions was determined by
first converting the femtomoles on-column of each protein per
size fraction to milligrams of protein per 1 ml of plasma. To de-
termine the amount of sample loss during preparation, the mg/ml
of apoA-I per size fraction were summed to get an estimated total
apoA-I concentration. This estimated total apoA-I concentration
was then compared with the total plasma apoA-I concentration,
as determined by ELISA using anti-apoA-I antibodies (Academy
Biomedical). The sample loss “correction factor” was calculated
by dividing the ELISA total apoA-I concentration by the esti-
mated total apoA-I concentration and was determined to be 119
(+48). Assuming that sample loss was similar for all size fractions,
the milligrams per milliliter estimated protein concentrations for
each size fraction were then multiplied by the correction factor to
determine the milligrams per milliliter concentration of each
protein in each HDL size fraction. The milligrams per milliliter
protein concentrations per size were then multiplied by the total
plasma volume to determine the protein pool size per HDL size
fraction. Plasma volume for each subject was calculated by the
following formula: plasma volume (dl) = ideal body weight (kg)
x 0.44 + excess weight (kg) x 0.1 (34).

Multicompartmental modeling

Kinetic modeling was performed using SAAM II modeling
software (SAAM Institute, Seattle, WA). A separate model was
generated for apoA-I, apoA-II, apoE, apoM, apoC-III, and apoA-
IV and describes the kinetic behaviors of each apolipoprotein on
each size fraction. ApoD was excluded from model development
due to the small number of data points that showed tracer en-
richment. The apoA-I model used in this study was based on the
model recently developed by Mendivil et al. (3).

Each model contains an input, a source, and plasma HDL
compartments. The input compartmentis the plasma amino acid
precursor pool (D3-Leu tracer enrichment in plasma) expressed
as a forcing function that drives the appearance of plasma
D3-Leu tracer in the model. Each participant’s D3-Leu tracer

enrichment curve was used for all six of the apolipoprotein mod-
els. The source compartment accounts for the time necessary for
labeled protein to appear on the HDL size fractions in plasma.
The appearance of labeled apoA-I, apoA-II, and apoE on plasma
HDL was rapid and occurred by 30 min. In contrast, label first
appeared in apoM, apoC-Il, and apoA-IV after 30 min; there-
fore, a delay compartment was used as the source compartment.
Two to five additional compartments were added to each model
that represented the HDL size fractions. The protein pool size
and enrichment, [tracer (2H M3) / tracer (2H M3) + tracee (MO)],
were the data assigned to each compartment. The FCR, the frac-
tion of a plasma protein pool turned over per day, was deter-
mined for each protein in each HDL size by taking the sum of the
rate constants exiting that compartment. PR, the amount (mg)
of protein produced or transferred to HDL per day per kg of
body weight, was calculated using the following formula:

_ FCR(pools/day) x protein poolsize(mg)
N Body weight (kg)

PR

For all the proteins, a direct secretion pathway into each size
fraction was required for satisfactory fitting. Multiple pathways
among the sizes were tested, but only those pathways that had a
nonzero flux and improved model fits for each participant were
included in the final model. All size fractions with discernible
enrichment curves for at least two participants were included in
the final model for each apolipoprotein: apoA-l, a0, al, a2, a3,
prebeta; apoA-Il, al, a2, a3; apoE, a0, al, a2, a3; apoC-II, al,
a2, a3; and apoA-IV, a3, prebeta. Only the al and a2 HDL sizes
were included in the apoM model; a0 and a3 were excluded due
to their small pool size (<4% total apoM on HDL in plasma) and
variable enrichment curves across participants. Besides the apoA-I
HDL size pools, two additional compartments were included in
the apoA-I model: 1) a delay compartment connecting the source
and prebeta pools. This may represent an extravascular delay
(EVD) processing compartment that includes apoA-I prebeta
that has been secreted but is outside the systemic circulation (3).
2) A compartment connecting the a3 and prebeta pools. This
compartment may represent lipidated apoA-I (LAI) that has
been released from a3 and is then used to generate prebeta (3).
Steady-state kinetics were assumed for all apolipoproteins.

Data representation

Heat maps and hierarchical clustering were executed using
the Qlucore software package (www.qlucore.com). All Excel
plots and figures were compiled in PowerPoint (Microsoft) and
Photoshop (Adobe). Results are presented as median or mean
(SD) unless otherwise specified.

RESULTS

Study workflow

Three participants (supplementary Table 1) received a
bolus injection of 10 mg/kg D3-Leu and provided blood
samples up to 70 h postinjection. HDL particles were iso-
lated from plasma by anti-apoA-I immunopurification and
separated by size using ND-PAGE (Fig. 1). The upper- to
lowermost gel fractions comprise the largest- to smallest-
sized lipoprotein populations, respectively (28, 29) (sup-
plementary Fig. 1A). The subsequent MS included DDA
for protein identification, absolute quantification by spik-
ing of standard peptides for apolipoprotein pool size
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determination, and HR/AM-PRM for D3-Leu detection
(Fig. 1).

The HDL size fraction subproteomes

HDL from the three participants shared 58 proteins
(Fig. 2A). Our analysis confirmed the presence of classical
apolipoproteins, complement factors, fibrinogen, serpins,
LCAT, and serum paraoxonase/arylesterase 1 (PON1),
all of which were previously reported using other HDL
isolation methods (35, 36). The protein-specific sum-nor-
malized spectral counts (per participant) estimated the
relative proportion of protein abundances across the five
native gel size fractions. Hierarchical clustering then
compared the three proteomes. The heat map reveals
that five major protein groups (I to V) emerge when the
cluster matrix is sorted by decreasing lipoprotein size
(Fig. 2A).

As expected, apoA-l is present on all HDL sizes; how-
ever, its signal predominates in a2 and a3 and forms part
of the group III protein cluster (Fig. 2A). Group I repre-
sents the 22 proteins that predominate in a0 size, includ-
ing apoB and fibrinogen (Fig. 2A). The presence of apoB
perhaps reflects small LDL and small chylomicron remnants
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that contain low levels of apoA-I (36-38). Group II repre-
sents the proteins that predominate in ol and a2 size
HDL and contains 11 proteins including apoE, apoM,
apoL-l, apoC-1V, cholesteryl ester transfer protein (CETP),
and phospholipid transfer protein (PLTP). Small amounts
of apoB in this group (Fig. 2A) also may indicate smaller-
sized LDL particles (39) or small proteolytic fragments of
apoB that adhere to HDL. In addition to apoA-l, group III
contains eight proteins including apoA-Il, apoD, apoC-,
apoC-III, PON3, and SAA4 that are present in a2 and a3
(Fig. 2A). Group IV contains 14 proteins located in a3 in-
cluding PON1, SERPINCI, SERPINA1, SERPINA3, and
the hallmark for smaller-sized HDL particles, LCAT (40,
41). Forming a fifth cluster, albumin and apoA-IV are
main components of the prebeta HDL size, which also in-
cludes small amounts of additional proteins such as apoE,
apoA-II, PONI, PON3, apoD, and SERPINAI1 (Fig. 2A).
These distinct groupings of HDL proteins, distributed het-
erogeneously to specific size fractions, are consistent in
the three participants (Fig. 2A). This consistency raises the
possibility that specific functions of HDL, whether related
to reverse cholesterol transport or other processes, take
place within specific HDL sizes.



ol al a2

ad

250 225 243 250 225 243 250 225 243 250 225 243 250 225 243

PP

Fig. 2. Hierarchical cluster analysis of the HDL pro-
teome. A: Heat map of the HDL proteome intersect
(Venn diagram) for the three participants (250, 225,
and 243). The sum-normalized spectral counts were
clustered based on the similarity of the protein abun-
dance profiles across the HDL size fractions and were
grouped by participant. HDL sizes are indicated on
the top. Blue circles indicate proteins that were not
detected in the sample depleted in apoB by dextran
sulfate and magnesium chloride (supplementary Fig.
1C). B: A heat map that compares the relative abun-
dances of apoA-I, LCAT, and apoB across the HDL
sizes to highlight differences among the participants
and to highlight the effects of apoB depletion. The
sum-normalized percent abundance values are pro-
vided. Scale: Red to white indicates highest to lowest
(no signal). LGALS3BP, galectin-3-binding protein;
PZP, pregnancy zone protein.

B APOB  alpha0l alphal alpha2 alpha3 prebeta
250 11 5 0 0
225 . 17 8 0 0
243 20 17 0 0
243-apoB 0 0 0 0 0
APOA1  alpha0 alphal alpha2 alpha3 prebeta
250 5 2
225 4 3
243 2 9 6
243-apoB 4 9| 5
LCAT alpha0 alphal alpha2 alpha3 prebeta
250 6 6 11 0
225 0 7 7
243 3 10 20 0
243-apoB 3 3 3 3

LDL and small chylomicron remnants have low amounts
of apoA-I (37, 38) and thus could explain the presence of
apoB in apoA-I lipoproteins in the present study. It is also
possible that a small LDL and its associated proteins are
in the larger HDL size range (42, 43). Thus, we performed
asecond HDL isolation experiment using participant 243.
We chose this participant because he had the highest apoB
content in the larger HDL size range. We removed apoB-
containing lipoproteins by dextran sulfate/magnesium
chloride precipitation prior to the apoA-I immunoaffin-
ity purification (27). When compared with the proteome
profile obtained from the three non-apoB-depleted sam-
ples, apoB, apoC-1V, PLTP, CETP, LGALS3BP, and the
protease inhibitor PZP were not present in the apoB-
depleted sample (Fig. 2A; supplementary Fig. 1C). De-
spite the removal of apoB lipoproteins, many proteins
remained in the o0 fraction including clusterin/apo]
and apoE (supplementary Fig. 1C), indicating that the
slowest migrating fraction also contains very large HDL

HR/AM-PRM-enabled HDL apolipoprotein in vivo kinetics

particles. The addition of the apoB-depleted data set into
the hierarchical analysis did not disrupt the general archi-
tecture observed in the nondepleted data sets (supple-
mentary Fig. 1C). More specifically, the relative distributions
of apoA-I and LCAT signals were preserved (Fig. 2B), in-
dicating that apoB depletion did not interfere with the
overall integrity of the HDL proteome.

HDL apolipoprotein pool size

The calculated protein pool sizes for the apolipopro-
teins ranged from ~15 mg of apoD to 2,000 mg of apoA-I
(Fig. 3). Moreover, the relative distribution of protein
pool sizes across the HDL sizes (Fig. 3) was consistent with
the spectral counting data (Fig. 2A). These distributions
are consistent among the three participants and after
apoB depletion (Fig. 3). The total apoA-I pool size (sum of
apoA-I pools in all HDL sizes) was 4,897, 3,521, and 3,630
mg for participants 250, 225, and 243 within the expected
apoA-I pool size range for individuals with low HDL-C and
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who are overweight or obese (44). The total protein pool
sizes for the other proteins were ~10-fold (apoE, apoM,
apoA-Il, apoC-III) to 100-fold (apoD, apoA-IV) smaller
than total apoA-I, as shown previously (43).

HR/AM-PRM for quantification of low enrichment of
D3-Leu peptides

The quadrupole Orbitrap performs HR/AM full mass
spectrometric scans of fragment ions, also known as HR/
AM-PRM (8, 45). With a resolution setting of R= 140 K at
m/z 200, a peptide with a leucine(s) within the first five
amino acids from either terminus (Fig. 4A) is desirable
because its fragment ions will fall within the lower m/z
range (Fig. 4B) permitting deconvolution of the 2H M3
isotope from background ions (Fig. 4C). While an in-
depth comparison between PRM and MRM has been de-
scribed previously (8), we summarize the salient features
here: PRM permits coisolation of the D0 native and D3-
Leu-labeled peptides simultaneously, as demonstrated by a
SIM scan that reflects the m/z 10 isolation window used in
this study (Fig. 4A). Unlike MRM, all fragment ions are
detected in a single scan in PRM; therefore, the benefits of
increasing the scan resolution (e.g., from 35 K to 140 K) is
readily evaluated for a wide m/z range at once (Fig. 4C).
Two fragment ions of an apoA-I peptide demonstrate
the advantage of HR/AM scan readouts on resolving the
2H M3 ion from background peaks (Fig. 4C), thereby
permitting accurate relative peak quantification, [tracer

720 Journal of Lipid Research Volume 57, 2016

(2H M3) / (tracer (2H M3) + tracee (MO)], for subsequent
kinetic profiling. In this study, a setting of resolution = 140 K
was the default setting for the HR/AM-PRM method.

Apolipoprotein peptides for HR/AM-PRM

We synthesized full-length FLEX-tagged apoA-I in ei-
ther its native DO or D3-Leu-labeled forms using a cell-free
wheat germ extract-based system (32) and performed a
series of serial spiking experiments aimed to evaluate the
linearity of HR/AM-PRM-based quantification strategy for
D3-Leu enrichment of <1%. A DO-Leu to D3-Leu mixing
standard curve was prepared from 1:1 to 100:1 and ana-
lyzed by HR/AM-PRM, and the 2H M3 to MO ratios of two
to five fragment ions for each peptide were determined
(supplementary Table 2; supplementary Fig. 3A). The cal-
culated ratios varied slightly for each peptide as deter-
mined by the slope of their standard curves (supplementary
Fig. 3A). However, when we calculated the zscores for each
mixing ratio and built a regression plot, the slope was zero
(supplementary Fig. 3A), indicating that the technical vari-
ance observed within each peptide can be resolved by tak-
ing the median of all three. We then performed a second
serial dilution experiment using the 100:1 (D0-Leu/D3-Leu)
mixing ratio sample to determine the effects of absolute
injection amounts on the observed ratios. Two of the three
peptides demonstrated consistent ratio values across four
orders of magnitude of absolute intensity, and one across
the two orders of magnitude (supplementary Fig. 3B). The
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is highlighted in the zoomed in m/z range (inset).

MO signal intensities (area under the curves) for these case
peptide fragments fall within the dynamic range of apoli-
poprotein peptide intensities (supplementary Fig. 2C);
therefore, the linear responses observed here are expected
to be applicable for the other apolipoprotein peptides.
For the remaining six apolipoproteins, we evaluated the
candidacy of their respective leucine peptides for HR/AM-
PRM based on the ability to detect the 2H M3 ion directly
from HDL from participants 250 and 225. With the excep-
tion of apoD, two to three peptides with at least two frag-
mentionswere monitored for each protein (supplementary
Table 2). The peptide retention time overlaps were mini-
mized in order to dedicate HR/AM-PRM on a single pep-
tide at a time, resulting in two to three separate injection
runs to minimizing the overlap. If more than one peptide
per apolipoprotein yielded similar enrichment profiles as
verified by both participant 250 and 225 data, we reduced

HR/AM-PRM-enabled HDL apolipoprotein in vivo kinetics

the HR/AM-PRM acquisition method down to one pep-
tide for most of the apolipoproteins, in order to increase
the throughput of sample collection on the instrument
(supplementary Table 2; supplementary Fig. 3C). The
HR/AM-PRM scans for example fragment ions for apoA-],
apoA-IV, apoM, and apoD demonstrate the emergence
and disappearance of the 2H M3 ion across the sampled
time points (Fig. 4D). The HR/AM scans in combination
with the contrasting absence of signal at the 0 h time point
enabled confident identification of the 2H M3 ion, most
notably for when it appeared as a shoulder peak of a non-
specific peak (i.e., apoM y4ion 2 h; Fig. 4D).

To illustrate further the practicality of HR/AM-PRM for
the detection of very low tracer enrichment (<1.0%), we
aimed to quantify the tracer in participant 243’s a3 apoE
and apoA-I using an MS1-dependent method (supplemen-
tary Fig. 4). The samples were analyzed using the Orbitrap
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Elite (R= 240 K at m/z 400, dynamic range = 10 K). Unlike
our HR/AM-PRM strategy, which is limited to peptides
with terminal leucines, the MS1-based quantification is
conducive to any leucine containing peptide, irrespective
of the leucine’s placement within the amino acid se-
quence. As shown with HR/AM-PRM, the lower the m/z
value, the more likely the 2H M3 isotopes can be resolved
from interfering peaks (Fig. 4C); however, this m/z con-
straint limits even the choice of peptides for MS1-based
quantification to those on the lower end of the m/z range.
The peptides for apoE and apoA-I were between m/z 380
and 700 (supplementary Fig. 4A). For apoE, the MS1 and
HR/AM-PRM enrichment curves were similar, reaching
nearly 6% enrichment by 2 h; however, the descending
slope of the MSl-generated enrichment curve (R2 =0.38)
was not as defined as that from the HR/AM-PRM data
(R =0.87) (supplementary Fig. 4B). More drastically, no
discernible curve was observed for apoA-I using the MS1-
based method, despite the use of seven peptides for quan-
tification. On the other hand, only three peptides (10
fragment ions) were required for the HR/AM-PRM to
observe an enrichment curve (supplementary Fig. 4B). A
closer look at example peptide spectra reinforces that sig-
nal interference in the MS1 reduces reliable detection of
the 2H M3 ion (supplementary Fig. 4C). The candidate
2H M3 ion for the apoE peptide is discernible from sur-
rounding peaks; however, that of the apoA-I peptide is not
observed. The relatively high enrichment for apoE tracer
(>1.0%) compensates for interference in MS1 scans; how-
ever, despite the >10-fold increase in absolute signal over
apok, apoA-I’s tracer is too low for detection. Although
HR/AM MSI1 is often used for stable isotope-based quanti-
fication, this approach is most practical when isotope pairs
are within 1- to 100-fold difference in intensity.

The HDL apolipoprotein tracer enrichment curves

The HR/AM-PRM-enabled isotope enrichment profil-
ing revealed a diverse array of apolipoprotein enrichment
curves (Fig. bA; supplementary Fig. 5). A comparison of
the tracer enrichment curves for the apolipoproteins across
the HDL size fractions demonstrates that no two apolipo-
proteins share similar curves. In contrast, the tracer en-
richment curves for each apolipoprotein are similar across
the three participants, although apoC-III is an exception
(supplementary Fig. 5A-C). The most defining feature
that distinguishes the various apolipoprotein tracer en-
richment curves from each other is the hour at which the
isotope enrichment is highest (Fig. 5A; supplementary
Fig. 5A-C). ApoA-I and apoA-II peak between 8 h and
12 h with 0.2-0.4% peak tracer enrichment. On the other
hand, apoE peaks the earliest, usually by 2 h to 4 h, and
reaching up to 8%. ApoA-IV peaks between 4 h and 6 h
(up to 2% enrichment), and apoM between 10 h and 14 h
(0.6% enrichment). In stark contrast to the other apoli-
poproteins, apoD enrichment was not discernable until
12 h. The highest isotope enrichment point recorded
for apoD was at the 70 h time point with 0.2% enrichment
(Fig. bA; supplementary Fig. 5A-C). ApoB depletion did
not affect the enrichment curves of most apolipoproteins
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(supplementary Fig. 5C, D). For instance, the five HDL
size curves for apoA-I are similar between the depleted
and nondepleted samples: neither the time range of peak
enrichment nor the enrichment maximum was altered af-
ter apoB depletion (Fig. 5B). Only a few minor changes
were observed after apoB depletion, one being apokE,
which exhibited a slightly higher peak enrichment of 6%
in ol and a2, when compared with no depletion (4%);
however, the time of peak enrichment (2—4 h) and gen-
eral apoE enrichment curve structure were maintained
(supplementary Fig. 5C, D). ApoE on HDL has been
shown to bind polyanions (46). Because apoB precipita-
tion by dextran sulfate/magnesium chloride depends on
polyanion binding, it is likely that the minor enrichment
curve differences seen after apoB depletion are due to
apoE on al and a2 HDL binding to and being removed by
the precipitation reagent.

Multicompartmental analysis

Our goal for multicompartmental analysis was to con-
struct a comprehensive kinetic model that describes the
source and removal pathways for each apolipoprotein
among the HDL size fractions. The final models for each
protein showed excellent fitting of the enrichment curves
and pool sizes for all participants (supplementary Fig. 6).
The kinetic parameters including the PR, FCR, and pool
sizes are provided in Table 1 and supplementary Table 3.

The majority apoA-I on a0 (100%), al (85.2%), a2
(73.8%), and a3 (100%) HDL came directly from the
source compartment (Fig. 6A, source pathways, solid ar-
rows). In contrast, apoA-I prebeta originated mostly from
a3 (70.0%) with only minor amounts from the source
(9.2%) and EVD (20.8%) compartments. Size expansion
was only a minor contributing source of apoA-I al and a2
HDL (al, 14.8% from prebeta; a2, 23.6% from o3 and
2.6% from prebeta) (Fig. 6A, source pathways, dashed ar-
rows). Removal of apoA-I a0 (100%), al (100%), and a2
(100%) was due to direct removal from plasma, whereas
transfer of apoA-I from a3 to a 2 (52.0%) and prebeta to
al (56.8%) provided the major pathways of their respec-
tive apoA-I removal (Fig. 6A, removal pathways, solid
arrows).

Similar to apoA-I on the a fractions, the source com-
partment accounted for the majority of apoA-IT al (100%),
a2 (75.2%), and a3 (100%) (Fig. 6B, solid arrows out of
source compartment). Minor flux pathways from smaller
to larger HDL sizes were also seen for apoA-II a2 (24.8%
from a3) (Fig. 6B, a3 to a2 dashed arrow). Interestingly,
the a3 to a2 transfer pathway detected for apoA-II was also
the only transfer pathway detected among the o fractions
for apoA-I (Fig. 6A). The major removal pathway for apoA-II
al (100%) and o2 (100%) is clearance from circulation
(Fig. 6B). On the other hand, the majority of apoA-II on
a3 (86.1%) was transferred to a2 (Fig. 6B, a3 to a2 solid
arrow).

Although the majority of apoE a0 (100%), al (88.5%),
a2 (92.2%), and a3 (100%) originated directly from the
source compartment, minor flux pathways from smaller to
larger HDL sizes were also observed for apoE al (11.5%
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Fig. 5. HDL apolipoprotein isotope enrichment curves. A: Isotope enrichment curves for participant 243. B: ApoA-I before and after
apoB depletion. Open circles are individual fragment ion enrichment values; closed circles are the median values or mean (apoA-I, mean

of three peptides).

from a3) and a2 (7.8% from a3) (Fig. 6C, source path-
ways). The majority of apoE was removed directly from the
HDL size fractions (a0, 100%; a1, 100%; a2, 100%; and
a3, 79.0%) while small amounts of apoE on a3 HDL were
removed and transferred to al (9.8%) and o2 (11.2%)
HDL (Fig. 6C, removal pathways).

The apoM, apoC-II, and apoA-IV models showed similar
source and removal pathways across the size fractions. All of
apoM (al and o2), apoC-II (al, a2, and a3), and apoA-IV
(a3 and prebeta) originated from the source compartment
(Fig. 6D-F, arrows out of source compartment) and were

HR/AM-PRM-enabled HDL apolipoprotein in vivo kinetics

removed directly from HDL (Fig. 6D-F, arrows out of size
fraction protein pools) with no evidence of flux pathways
between the HDL sizes that were modeled.

DISCUSSION

We used a multi-mass spectrometric approach to char-
acterize the distribution and metabolism of apolipoproteins
in five HDL sizes. Spectral counting provided qualitative
information regarding the distribution of the proteome
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TABLE 1. Kinetic parameters of HDL apolipoproteins

Apolipoprotein HDL Size FCR (pools/day) PR (mg/kg/day) PS (mg)
ApoE

1] 4.05 (1.97) 4.85 (1.30) 116.85 (50.99)

al 2.26 (0.61) 7.11 (1.20) 270.83 (25.20)

a2 3.59 (2.35) 7.03 (4.18) 190.61 (123.16)

a3 7.14 (4.88) 5.52 (2.92) 72.34 (30.19)
ApoM

al 0.61 (0.31) 0.67 (0.16) 107.00 (58.06)

a2 0.60 (0.31) 0.41 (0.25) 60.84 (43.31)
ApoA-T

1] 0.48 (0.28) 0.06 (0.03) 14.83 (13.33)

al 0.67 (0.36) 4.59 (1.45) 671.10 (241.21)

a2 0.76 (0.52) 14.76 (8.95) 1,801.94 (333.09)

ald 0.50 (0.26) 7.61 (2.39) 1,421.63 (298.52)

Prebeta 6.06 (0.71) 1.30 (1.09) 17.85 (14.01)

ApoA-Il

al 0.42 (0.35) 0.33 (0.16) 73.16 (20.34)

a2 0.70 (0.62) 2.62 (1.53) 359.52 (97.22)

a3 0.36 (0.22) 0.80 (0.27) 194.69 (33.71)
ApoC-II

al 1.79 (0.52) 0.52 (0.09) 26.57 (3.53)

a2 1.81 (0.37) 0.52 (0.09) 26.01 (1.26)

a3 1.76 (0.59) 2.48 (1.85) 151.90 (147.49)
ApoA-IV

a3 3.29 (0.50) 0.10 (0.05) 2.33 (1.07)

Prebeta 2.74 (0.82) 1.11 (0.21) 36.12 (11.78)

PS, pool size. Parameter estimates are expressed as mean (SD) for participants 250, 225, and 243. Parameter

estimates were made using the SAAM II software.

across the HDL sizes. Hierarchical cluster analysis revealed
that the HDL proteome is organized into five subpro-
teomes, each associating with an HDL size range (Fig. 2).
We then performed kinetic analysis on seven apolipopro-
teins by determining their pool sizes per HDL size fraction
(Fig. 3) and by quantifying their tracer enrichment by
HR/AM-PRM.

The apolipoprotein pool sizes were determined using
stable isotope peptide standards under the assumption
that peptide recovery from each HDL size/gel fraction was
the same. Consequently, the sample loss correction factor
determined for apoA-I was applied to the remaining six
apolipoproteins. The total apoA-I pool size was 4,897,
3,621, and 3,630 mg for participants 250, 225, and 243,
respectively, the expected apoA-I pool size range for indi-
viduals with low HDL-C and who are overweight or obese
(44). Separating total apoA-I into the five HDL size frac-
tions showed that the majority of apoA-I (>65%) resides in
the a2 and a3 pools. This apoA-I distribution was main-
tained in all three participants. The total protein pool
sizes for the other proteins were ~10-fold (apoE, apoM,
apoA-II, apoC-III) to 100-fold (apoD, apoA-IV) smaller
than total apoA-I, similar to what has been shown previ-
ously (43).

HR/AM-PRM can detect trace signals with high confi-
dence as demonstrated by the ability to reliably detect
tracer enrichment of <1% for any given peptide in all
three participants (Fig. 5; supplementary Fig. 5). HR/AM-
PRM performed on a quadrupole Orbitrap first selects the
peptide of interest and then fragments and scans all frag-
ment ions simultaneously (7, 8, 45, 47). Because PRM
itself is a relatively recent method, MRM [sometimes re-
ferred to as selected reaction monitoring (SRM)] is the
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more commonly used method to detect and quantify tar-
get peptides. MRM/SRM relies on scans of a single frag-
ment ion at a time but usually monitors multiple fragment
ions per protein in succession. Nonetheless, this approach
requires optimization steps to determine which fragment
ions are suitable for subsequent quantification studies (48,
49). A recent study by Ronsein et al. (50) determined that
PRM and SRM are comparable in terms of sensitivity and
accuracy for quantification of an apoA-I protein standard
curve, which spanned a femtomole to picomole range.
The same study (50) used a narrow peptide isolation win-
dow (x1 Da), and the PRM scans were set to the lowest
resolution setting of 17,500 K (at m/z 200), making the
method comparable to MRM. Our approach (Fig. 4) dem-
onstrated further the versatility of PRM by quantifying
differences in relative abundance up to ~3,000-fold (in
the attomole to femtomole range) within a single scan
(140,000 K). As a consequence of this dynamic range capa-
bility (dynamic range limit is 5,000 for the Q Exactive), we
were able to observe the markedly diverse kinetics of seven
HDL apolipoproteins across the five HDL size fractions for
the first time.

A very recent study by Mendivil et al. (3) on apoA-I me-
tabolism, which used GC/MS for tracer enrichment analy-
sis, reported similar apoA-I enrichment curves across the
HDL sizes in 12 participants with high or low HDL-C.
Mendivil et al. (3) tested several kinetic models exploring
the potential apoA-I metabolic pathways across the HDL
size fractions and demonstrated that the canonical HDL
size-expansion model, in which prebeta is the nascent
HDL particle appearing in plasma and undergoes stepwise
enlargement to a3, 2, and 1, could not explain the apoA-I
tracer enrichment data. The final best-fit model instead
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showed that the majority of apoA-I on o HDL originated
from the source compartment; size expansion pathways
only provided a minor contribution to apoA-I on o HDL
(3). These same findings were replicated in our compart-
mental analysis (Fig. 6A); thus, this HR/AM-PRM apoA-I
metabolism study has provided an independent confirma-
tion of the new model for HDL metabolism recently de-
scribed using GC/MS.

Because the HR/AM-PRM approach allowed us to mea-
sure multiple apolipoproteins simultaneously, we were
also able to perform compartmental modeling for apoA-II,
apokE, apoM, apoC-III, and apoA-IV across the HDL sizes

for the first time. Similarly to apoA-I on the «a sizes, the
majority of the other apolipoproteins appear on HDL
directly from the source compartment. This result is not
surprising because the enrichment curves for a given apo-
lipoprotein generally look similar across the HDL size frac-
tions (Fig. 5).

Yet, subtle differences in the enrichment curves between
the HDL sizes were discernible for most apolipoproteins,
notably apoE in all participants. For the apolipoproteins
and HDL sizes that were modeled, some of these differ-
ences proved to be meaningful; they represented flux be-
tween the HDL sizes (Fig. 6). For instance, we determined
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that apoA-II flux occurred from a3 to a2 HDL. Interest-
ingly, this was also the only pathway detected between the o
sizes observed for apoA-I. It is known that >60% of apoA-I
particles contain apoA-II (51); therefore, it is likely that we
are describing the kinetics of the same particles. For apoE,
pathways between a3 and a2 and between a3 and al were
identified. PLTP has been shown to remodel small spherical
apoE-HDL into larger particles by promoting particle fu-
sion (52). The a3 to al and a3 to a2 pathways may reflect
this process. These results are also compatible with transfer
of apoE protein itself from small to large HDL. ApoE has
been shown to exchange between HDL and apoB-containing
lipoproteins, so it is likely that transfer pathways between
the HDL sizes also exist (53, 54).

In contrast to apoA-I, apoA-II, and apoE, no pathways
were detected between the apoM, apoC-III, and apoA-IV
size fractions. However, this may be due to several reasons:
exchange may not be occurring, the time points moni-
tored were not optimal for observing exchange, or ex-
change is occurring at the same rate in both directions
between all HDL sizes so no difference in enrichment is
observed. Moreover, the molecular weight size windows
for the ND-PAGE are specific for apoA-I/HDL. Our study
has demonstrated that apoA-I protein interactions are
nonuniform across the HDL sizes (Fig. 2). Therefore, the
potential to detect these additional transfer pathways may
be in part dependent on a reoptimization of the molecu-
lar weight size cutoffs for a given HDL subproteome.

The overall findings of the compartmental modeling
demonstrated that the majority of the apolipoproteins
monitored appear on HDL directly from their respective
source compartments. ApoA-I, apoA-II, apoE, apoM, and
apoC-III are synthesized primarily in the liver while apoA-
IV is synthesized in the small intestine. However, the ap-
pearance of a given apolipoprotein on HDL may not be
due to direct section from the primary area of synthesis
per se. We cannot rule out intermediate transfer to a com-
partment not measured in our system. For instance, the
delayed appearance of apoM, apoC-III, and apoA-IV on
HDL in plasma may reflect an intermediary step of trans-
fer from an apoB-containing particle. ApoA-IV is secreted
into the lymphatics on the surface of chylomicrons and
then enters blood where it can be transferred to HDL
(55). Evidence in the human intestinal CaCo-2 cell line
and in rodents also suggests that apoA-IV a3 and prebeta
HDL may be synthesized by the small intestine and se-
creted into circulation directly (56) or through the lym-
pathics (57-60). One or both of these mechanisms may
occur and account for the delayed appearance of apoA-IV
on a3 and prebeta HDL in plasma. Additional causes for a
delayed appearance onto HDL also include mechanisms
controlling protein synthesis, processing, and secretion
that may vary across the apolipoproteins.

It is interesting to note the delayed appearance (12 h to
22 h) and extremely low peak enrichment (~0.2%) of
apoD on HDL. The value of the HR/AM-PRM method is
also highlighted by the ability to accurately and reliably
measure the tracer enrichment range (0.03-0.2%) of apoD.
Without previous knowledge of apoD metabolism, we did
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not anticipate the need to collect additional blood sam-
ples at later time points of the 3 day study. As a conse-
quence, apoD compartmental modeling could not be per-
formed due to insufficient measurements at time points
beyond 12 h.

In closing, we have presented a novel application for the
HR/AM-PRM technology to measure tracer enrichment
between 0.03% and 1.0% for several HDL apolipopro-
teins, simultaneously. It is likely that the diversity in me-
tabolism observed among the 7 apolipoproteins reflects
the depth that exists in the full array of the remaining 50
or more HDL proteins described in our study. The power
of HR/AM-PRM technology thus provides a foundation to
design in vivo/clinical metabolism studies aimed to under-
stand the metabolism of specific HDL apolipoproteins
that have unique relations to risk of diseases such as diabe-
tes and cardiovascular disease Bl

The authors thank Mr. Iwao Yamada and Mr. Katsutoshi
Miyosawa for their technical assistance.
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