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a b s t r a c t
Given their association with cardiovascular disease protection, there has been intense interest in understanding
the biology of high density lipoproteins (HDL). HDL is actually a family of diverse particle types, each made up of
discrete - but as yet undetermined – combinations of proteins drawn from up to 95 lipophilic plasma proteins.
The abundant apolipoproteins (apo) of the A class (apoA-I, apoA-II and apoA-IV) have been proposed to act as
organizing platforms for auxiliary proteins, but this concept has not been systematically evaluated. We assessed
the impact of genetic knock down of each platform protein on the particle size distribution of auxiliary HDL proteins. Loss of apoA-I or apoA-II massively reduced HDL lipids and changed the plasma size pattern and/or abundance of several plasma proteins. Surprisingly though, many HDL proteins were not affected, suggesting they
assemble on lipid particles in the absence of apoA-I or apoA-II. In contrast, apoA-IV ablation had minor effects
on plasma lipids and proteins, suggesting that it forms particles that largely exclude other apolipoproteins. Overall, the data indicate that distinct HDL subpopulations exist that do not contain, nor depend on, apoA-I, apoA-II or
apoA-IV and these contribute substantially to the proteomic diversity of HDL.
Biological signiﬁcance: Plasma levels of high density lipoproteins (HDL) are inversely correlated with cardiovascular disease. These particles are becoming known as highly heterogeneous entities that have diverse compositions and functions that may impact disease. Unfortunately, we know little about the forces that maintain the
composition of each particle in plasma. It has been suggested that certain ‘scaffold’ proteins, such as apolipoprotein (apo) A-I, apoA-II and apoA-IV, may act as organizing centers for the docking of myriad accessory proteins.
To test this hypothesis, we took advantage of the genetic tractability of the mouse model and ablated these three
proteins individually. We then tracked the abundance and size proﬁle of the remaining HDL proteins by gel ﬁltration chromatography combined with mass spectrometry. The results clearly show that certain cohorts of proteins depend on each scaffold molecule to assemble normal sized HDL particles under wild-type conditions. This
work forms the basis for more detailed studies that will deﬁne the speciﬁc compositions of HDL subspecies with
the possibility of connecting them to speciﬁc functions or roles in disease.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Abbreviations: Apo, apolipoprotein; CVD, cardiovascular disease; CSH, calcium silica
hydrate; HDL, high density lipoprotein; HDL-C, high density lipoprotein cholesterol; LDL,
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The name high density lipoprotein (HDL) was given to those plasma
lipoproteins that ﬂoat within the density range of 1.063 to 1.210 g/mL
during density gradient ultracentrifugation (UC) thus distinguishing
them from low (1.019–1.063 g/mL, LDL) and very low density lipoproteins (0.95–1.006 g/mL, VLDL). In the laboratory, the HDL family is
well known for its heterogeneity in terms of size, charge and composition - so much so that efforts have been made to standardize the nomenclature of HDL particles [1]. In the clinic, on the other hand, HDL
has historically been treated as a single entity and tracked by its cholesterol content (HDL-C). Indeed, HDL-C levels in plasma are associated
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with protection from cardiovascular disease (CVD) and this clinical test
has been used for many years as a tool to assess individual risk [2]. However, recent work has shown that across-the-board elevation of plasma
HDL-C levels, either as a consequence of natural genetic mutation [3] or
by pharmacologic manipulation [4,5], does not necessarily provide the
cardio protective beneﬁts predicted by the epidemiology. Nevertheless,
an intact HDL pathway has recently been shown to be important in
humans as non-functional SR-BI, the cell surface protein responsible
for selective cholesteryl ester uptake into the liver and a critical component of reverse cholesterol transport, results in high HDL-C levels, but
increased CVD risk [6].
Recent applications of modern mass spectrometry, tracked by the
HDL Proteome Watch website [7], have shown that UC isolated HDL
preparations contain about 95 consensus proteins [8–10]. These include
the ‘major’ proteins like apolipoprotein (apo)A-I and apoA-II which together account for around 70% of total protein mass in UC-derived HDL.
These are sometimes referred to as scaffold or platform proteins because of their key roles in maintaining HDL particle structure [11] and
the possibility that they coordinate the binding of other proteins to
the particles [12,13]. Numerous ‘minor’ HDL-associated proteins with
known roles in lipid transport, innate immunity, coagulation, regulation
of the complement system, metal ion transport and even glucose metabolism have also been identiﬁed (reviewed in [10,14]). As ﬁrst argued
in the classic paper of Kostner and Alaupovic [15], all of these auxiliary
proteins cannot reside on the same particle due to the limited size of
HDL. Work by our laboratory and others has shown that these proteins
distribute throughout the HDL family in distinct patterns across particle
density [16–18], size [19,20] and ionic character [21,22]. This strongly
argues that HDL is actually a diverse collection of subspecies that vary
widely in protein composition, and presumably function.
Unfortunately, little is known about the molecular basis underlying
why proteins segregate among HDL subspecies. In the current work,
we tested the hypothesis that the most abundant apolipoproteins in
HDL act as organizing scaffolds that mediate the recruitment of speciﬁc
subsets of other HDL proteins. We asked a simple question: if a given
scaffold protein, say apoA-I, is responsible for mediating the assembly
of other proteins into HDL, then the HDL particle size distribution of
those proteins should be perturbed when apoA-I is genetically ablated.
Conversely, proteins that do not depend on apoA-I should not be affected in its absence. Having recently demonstrated that the lipoproteome
of both LDL and HDL-sized lipoproteins in the mouse exhibit a similar
overall complexity to humans [23], we took advantage of the mouse
model to test this hypothesis. We tracked the size distribution and relative protein levels of the plasma lipoprotein proteome in mice lacking
each of the three most abundant HDL proteins, apoA-I, apoA-II and
apoA-IV, and compared them to WT controls.
1.1. Experimental section
1.1.1. Animal models and plasma collection
All mouse strains were on the C57BL/6J background and were fed a
standard chow diet at all times post weaning. Mice were maintained
in American Association for Accreditation of Laboratory Animal Careapproved pathogen-free animal facilities, and the institutional laboratory animal medical services at University of Cincinnati approved all experimental protocols. ApoA-I knock out (KO) mice and age matched
wild type (WT) controls were purchased from Jackson Laboratories.
ApoA-II KO mice with age matched WT controls were provided by Dr.
Catherine Reardon at the University of Chicago. The apoA-I KO and
apoA-II KO cohorts were between 6 and 10 weeks of age at the time
of blood sampling. The apoA-IV KO mice, derived from the original
mouse line generated by the Breslow lab [24], were back-crossed for
N10 generations on the C57BL6 background in the Tso lab [25]. They
were 32 weeks old with an independent age-matched WT group.
Blood was collected from ketamine anesthetized mice (n = 3 for each
KO and control group) by cardiac puncture using citrate as the
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anticoagulant. Cellular components were pelleted by centrifugation at
~1590 ×g for 15 min in a Horizon mini-E (Quest Diagnostics) at room
temperature. Plasma was stored at 4 °C until gel ﬁltration separation,
usually within 16 h. The samples were never frozen.
1.1.2. Plasma separation by gel ﬁltration chromatography
370 μL of plasma from each mouse was applied to three Superdex
200 gel ﬁltration columns (10/300 GL; GE Healthcare) arranged in
series on an ÄKTA™ FPLC system (GE Healthcare) [20]. The sample
was separated at a ﬂow rate of 0.3 mL/min in standard Tris buffer
(STB) (10 mM Tris, 0.15 M NaCl, 1 mM EDTA, 0.2% NaN 3). Eluate
was collected as 1.5 mL fractions on a Frac 900 fraction collector
(GE Healthcare) maintained at 4 °C. Each fraction was assessed for
protein by modiﬁed Lowry assay [26], and choline-containing
phospholipid and total cholesterol by colorimetric kits from Wako
(Richmond, VA).
1.1.3. Isolation of phospholipid-containing particles using calcium silica hydrate (CSH)
The fractions were then passed through a calcium silica hydrate
(CSH) resin to bind components that contain phospholipid (PL), as previously described [20]. All PL-containing particles tightly associate with
the CSH while non-lipid associated proteins are washed through. Briefly, in a 96 well ﬁlter plate (Millipore), 45 μg of CSH (from 100 mg/mL
stock solution in 50 mM ammonium bicarbonate (AB)) per 1 μg of PL
in 400 μL of fraction were mixed gently for 30 min at room temperature.
The resin was eluted using a vacuum manifold and then washed with
50 mM AB buffer. Lipid-containing proteins that remained associated
with the CSH were trypsinized with 1.5 μg of sequencing grade trypsin
(Promega) overnight at 37 °C and the peptides were washed off the
resin, reduced with dithiothreitol (200 mM; 30 min. at 37 °C) and carbamidomethylated with iodoacetamide (800 mM; 30 min. at room temperature). The peptides were then vacuum pelleted and stored at
−20 °C until MS analysis.
1.1.4. Mass spectrometry analysis of fractions
Dried peptides were reconstituted in 15 μL of 0.1% formic acid in
water. An Agilent 1100 series autosampler/HPLC was used to draw
0.5 μL of sample and inject it onto a C18 reverse phase column
(GRACE; 150 × 0.500 mm) where an acetonitrile concentration
gradient (5–30% in water with 0.1% formic acid) was used to elute
peptides for on-line ESI-MS/MS by a QStar XL mass spectrometer
(Applied Biosystems). Column cleaning was performed automatically with 2 cycles of a 5–85% acetonitrile gradient lasting 15 min each
between runs.
1.1.5. MS data analysis
To identify the protein composition of lipid-containing particles in
the gel ﬁltration fractions, peak lists generated from an analysis of
each fraction were scanned against the UniProtKB/Swiss-Prot Protein
Knowledgebase (release 57.0, 03/2009) using the Mascot (version 2.1)
search engine. Search criteria included: mouse taxonomy, variable
modiﬁcations of Met oxidation and carbamidomethylation, both peptide tolerance and MS/MS tolerance were set to ±35 PPM, and up to 3
missed tryptic cleavage sites were allowed. Scaffold software (version
Scaffold_2_04_00, Proteome Software) was used to validate MS/MS
based peptide and protein identiﬁcations. Peptide identiﬁcation required a value of 90% probability (using data from both Mascot and
X!Tandem) using the Peptide Prophet algorithm [27]. Positive protein
identiﬁcation also required a value of 90% probability by the Protein
Prophet algorithm [28]. Also, a minimum of 2 peptides were required
unless the protein in question was found with single peptide hits in
multiple consecutive fractions that were consistent across animal subjects. Since equal volumes of sample were applied to the MS analysis,
the relative amount of a given protein present in a given fraction is proportional to the number of spectral counts (i.e. the number of MS/MS
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spectra assigned to a particular protein) in each fraction. In no case were
conclusions made about the relative abundance of two different proteins on the basis of peptide counting. We have previously demonstrated that this approach provides a semi-quantitative abundance pattern
across each fraction that matches well with patterns derived from immunological analyses [18].

1.1.6. Protein abundance determination
The abundance of a given protein in mouse plasma was determined
by summing readouts of protein abundance from each fraction. To allow
better comparisons between the mice strains, we used the spectral
counts from contaminating albumin (which was not changed by any
of the genetic manipulations) to allow for normalization of samples
from each mouse. Our approach was to use these normalized spectral
counts (from Scaffold) as a ﬁrst pass to identify protein abundance
changes between a given KO model and its corresponding WT control.
A simple two-tailed Student's t-test was used to identify differences
with a p value of b0.05 indicating signiﬁcance. Then, these hypothesized
differences were tested by MS1 full scan ﬁltering using the Skyline
Targeted Proteomics Environment [29]. Mass spectrometer ﬁles
(*.wiff) and corresponding Mascot DAT ﬁles were imported into Skyline.
Using a spectral library cut-off score of 95%, ﬁxed modiﬁcation of Cys
with carbamidomethylation and variable modiﬁcation of Met by oxidation, we created a spectral library with the 113 proteins previously identiﬁed in WT C57BL6 mice [23] (max 2 missed trypsin cleavages). Skyline
is designed for analyzing multiple replicates of similarly prepared samples as a hypothesis testing tool. Thus, our use of chromatographically
separated samples presented some challenges for data analysis. For example, the software was quite effective at locating peptides for each
protein in the ‘sweet spot’ of its size gradient, i.e. where a particular protein was abundant with many MS/MS identiﬁcations, but it tended to
erroneously pick peptides in regions where that protein was absent.
Given the thousands of peptides, 18 size fractions, 6 mice per group
and 3 groups of mice, manual annotation of the entire dataset was not
practical. Therefore, we selected 3 peptides for each protein hypothesized to be different by spectral counting for manual annotation. Selected peptides had a balance of high signal intensity and lack of interfering
peaks. Total areas for each of the 3 peptides were summed and compared between KO and WT using a Student's t-test with signiﬁcance
set at p b 0.05. Protein differences identiﬁed by both spectral counting
AND conﬁrmed differences in ion intensity of at least 2 of 3 peptides
were considered high conﬁdence abundance changes. Note: due to an
unexplained variation in mouse to mouse replicates in the apoA-II KO
experiment, the Skyline analysis was not performed. In this case, we relied only on the peptide counting approach to identify overall protein
abundance differences.

1.1.7. Protein elution proﬁle data analysis
To quantitatively evaluate the impact of a genetic deletion on the
size distribution of other known HDL proteins, we developed a novel
elution pattern shift analysis that derives a lag-score (L-score) reﬂecting
a quantitative shift in MS1 intensity pattern for a given protein between
the WT and knockout mice. The L-score was calculated based on timelag between the summed normalized protein abundance (see above)
for each protein from WT and KO mice. Time-lag is a concept in electronic signal processing to measure the shift between two signals. We
applied this concept here to identify whether a protein shifted to a different size after gene knockout. Assuming m represents WT mice and n
represents the gene KO mice, an L-score for any given protein can be derived using the formula below:
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and, XiWT , XjKO , i , j ∈ [1, 3] are abundance proﬁles of any protein from ith
WT mouse and jth gene KO mouse. Larger L-score indicate a more significant shift in a protein in the KO compared to WT. This L-score was used
to combat the shift bias generated from outliers and data noise from MS.
A shift threshold (|Lx | N 0) was then applied to indicate the proteins with
a signiﬁcant shift. In a limited number of cases, i.e. when a protein was
present in two peaks of unequal intensity and the gene KO affected
the intensity but not the elution time of one of these peaks, the lag analysis was less reliable and was supplemented by manual analysis performed by two experienced data analysts. Furthermore, if a protein
became undetectable in one model, but readily detectible in the others,
this was also counted as a “shift” in size.
2. Results
2.1. Lipoprotein size patterns
Mouse plasma was separated by size exclusion chromatography and
the collected fractions were assayed for phospholipid (PL) and total
cholesterol (CH) content. Fig. 1 compares the elution proﬁles for
apoA-I KO mice and age matched WT controls. In previous work with
this system [20], we established that the apoB-containing lipoproteins
VLDL and LDL elute as a single peak between fractions 14 and 18
(Peak 1). Since this system was speciﬁcally optimized to spread HDLsized particles, these elute in a broader peak between fractions 19 and
26 (Peak 2). Smaller, lipid-poor proteins elute near the total volume of
the system at fractions 27 to 30 (Peak 3). Fig. 1a shows that WT mice

Fig. 1. Size distribution proﬁles for mouse plasma separated by gel ﬁltration chromatography – WT vs. apoA-I KO. 370 μL of mouse plasma was analyzed by a triple Superdex setup as
described in Methods. Total cholesterol (panel a) and choline-containing phospholipids (panel b) were measured in each fraction by colorimetric assay and plotted vs. the fraction
number (1.5 mL fractions). WT animals are indicated with ﬁlled symbols and apoA-I KO with open symbols. Error bars represent 1 sample standard deviation from n = 3
measurements (i.e. 3 animals) per knock out animal group. For all ﬁgures, the WT animal traces show the averaged data for all animals used in this study (n = 9).
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Fig. 2. Size distribution proﬁles for mouse plasma separated by gel ﬁltration chromatography – WT vs. apoA-II KO. This ﬁgure is set up exactly like Fig. 2, except that the KO strain is
deﬁcient in apoA-II.

carried most of their cholesterol in particles in the HDL size range with
minor amounts in the VLDL/LDL range as shown in hundreds of prior
FPLC studies (see [30] for one of the earliest examples). PL was also
most abundant in the HDL size range (Fig. 1b). However, a third peak
of PL consistently appeared at fractions 26–29 (Peak 3). This is thought
to be lysophospholipids associated with soluble proteins such as albumin [31]. In the apoA-I KO animals, modest reductions in both cholesterol and PL levels were noted in Peaks 1 and 3. However in the HDL
size range, both lipids were reduced by ~ 70% (area under the curve)
in the apoA-I KO compared to WT. In addition, peak 2 in the apoA-I
KO animals appeared to be centered on fraction 22 whereas the WT
peak centered on fraction 23, suggesting that the lipoproteins were of
slightly larger size in the KO mice. These results are consistent with previous FPLC analyses of these animals [32].
The apoA-II KO animals exhibited similar cholesterol levels in the
VLDL/LDL (peak 1) as the WT, though the PL levels in this peak trended
lower in the knockout (Fig. 2a and b). However, as was the case with
apoA-I KO, apoA-II KO mice exhibited a massive decrease in both CH
and PL in the HDL size range (~ 80% decrease in PL and 62% decrease
in cholesterol), again consistent with the original characterization of
these animals [33]. The lipid that remained in the apoA-II KO mice
was associated with smaller sized particles than those in apoA-I KO
mice and was centered at about fraction 23–24. Interestingly, these animals showed an almost complete absence of PL in Peak 3, unlike the
apoA-I KO.
The deletion of apoA-IV in mice exhibited minimal effects on the
plasma lipoprotein proﬁle compared to apoA-I or apoA-II ablation.
Fig. 3a and b shows that both the cholesterol and PL proﬁles were largely unchanged in both the VLDL/LDL and HDL range. Although a trend toward a reduction of PL levels in peak 3 was evident in the apoA-IV KO,
this did not reach statistical signiﬁcance.

2.2. Effects of platform protein knockout on lipid associated protein abundance and size distribution
In our previous characterization of the mouse lipoproteome [23], we
identiﬁed 113 lipid-associated proteins in the WT C57Bl6 mice. We detected 114, 104 and 103 proteins in the apoA-I KO, apoA-IV KO, and
apoA-II KO groups (summing WT controls and knockouts (KO)), respectively (n = 6 per group). No additional proteins were detected in any of
the KO models compared to the corresponding WT group. For most of
the detected proteins, the total peptide counts found in the apoA-II KO
and WT cohorts were 30–50% lower than those in the apoA-I KO, and
apoA-IV KO cohorts, despite the equal volumes of plasma sampled.
We also noted increased mouse to mouse variability in the apoA-II KO
comparison, most notably in the apoA-II KO group for reasons that
were unclear.
2.2.1. Knockout of apoA-I
Statistically signiﬁcant differences in the protein abundance
summed across fractions for the WT vs. apoA-I KO mice are shown in
Fig. 4. As expected, apoA-I was abundant in the WT but absent in the
KO. Similarly, we were unable to detect β-actin-like protein 2, serum
amyloid A-4 (SAA-4) and lecithin: cholesterol acyl transferase (LCAT)
in the apoA-I KO mice. Many of the classic lipid associated “apos”
were signiﬁcantly decreased in the apoA-I KO animals including apos
C-I, C-III, C-IV, M and A-IV. Additionally we saw clear decreases in levels
of other well-recognized HDL proteins such as paraoxonase, heparin cofactor 2, vitronectin, transthyretin and hemopexin. While not known as
a lipoprotein constituent, we noticed a striking reduction of H-2 class 1
histocompatibility antigen in the apoA-I KO mice.
We also noted several proteins that underwent a clear shift in size
distribution between the WT proﬁle and apoA-I KO proﬁle irrespective

Fig. 3. Size distribution proﬁles for mouse plasma separated by gel ﬁltration chromatography – WT vs. apoA-IV KO. This ﬁgure is set up exactly like Fig. 2, except that the KO strain is
deﬁcient in apoA-IV.
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similar shift to smaller particles. As was the case for the apoA-I KO,
there were numerous proteins that were indifferent to the absence of
apoA-II (examples shown in Fig. 8, right).
2.2.3. Knockout of apoA-IV
Of the three KO lines studied, the absence of apoA-IV had the most
subtle effects on the remaining plasma lipoproteome. We noted signiﬁcant differences in 7 proteins (Fig. 9) with some decreasing and others
increasing slightly in the absence of apoA-IV. One striking observation
was the reduction of a particular IgG molecule, the Mu chain. Despite little overlap between IgG Mu chain and apoA-IV in the WT animals (Fig.
10, left), the absence of apoA-I had a profound effect on the abundance
of this much larger species. However, for the most part, the loss of apoAIV had minimal effects on the remainder of the proteins detected. Some
examples are shown in Fig. 10, right.
3. Discussion

Fig. 4. Changes in overall protein abundance – WT vs. apoA-I KO. Normalized peptide
counts (see Methods) for each fraction were summed and compared with a t-test
p b 0.05. These were the tested by MS1 integration for three representative peptides,
also compared with a t-test p b 0.05. Results are shown only if they were signiﬁcant by
both peptide counting and MS1 integration strategies. Bars to the left reﬂect proteins
that were lower in abundance in the KO.

of whether they showed a change in plasma abundance. These included
apoE, PI-glycan-speciﬁc phospholipase D, apoA-IV, paraoxonase 1
(PON1), and histidine-rich glycoprotein (Fig. 5). Other proteins that
underwent a size shift included β-2-microglobulin and complement
C2 (not shown). In the case of PI-glycan-speciﬁc PLD, most co-eluted
with larger sized HDL particles in WT mice. However in the apoA-I KO,
most of this protein shifted to a smaller sized pattern without a net
loss of protein. PON1 on the other hand, shifted from predominantly
HDL sized fractions to fractions containing lipid-poor proteins implying
that is no longer lipoprotein-associated in the absence of an apoA-I scaffold. Histidine-rich glycoprotein eluted in two size ranges in the WT
mice, a large species centered on fraction 22 and a smaller one centered
on fraction 26. In the absence of apoA-I, the larger species was reduced
without major changes in the smaller one. ApoA-IV and apoE did not
show dramatic differences in overall abundance between the WT and
apoA-I KO animals, but we did note subtle differences in the larger
HDL fractions (19–21) with apoA-IV being reduced in those fractions
but apoE actually becoming more abundant in those fractions in the
apoA-I KO.
Despite these changes, we noted that other classically HDL-associated proteins did not differ remarkably in either abundance or elution pattern between WT and apoA-I KO (Fig. 6). Particularly striking was apoAII which has long been thought to associate with apoA-I in HDL. Importantly, these similarities were noted not only using the peptide counting
approach (as shown), but also with MS1 integration (not shown).
2.2.2. Knockout of apoA-II
Genetic ablation of apoA-II also had profound effects on the abundance of several proteins. Along with apoA-II, we were unable to detect
apoC-I and apoC-II in apoA-II KO animals (Fig. 7). Like in the apoA-I KO,
circulating levels of apoM were substantially reduced in the absence of
apoA-II. Interestingly, other proteins showed increased abundance
when apoA-II was missing. These included apoC-III, apoA-IV and several
IgG molecules. Most of the impact of apoA-II ablation involved changing
abundance levels of proteins rather than changing their elution patterns. Some exceptions included apoA-I (Fig. 8, left), which while surprisingly abundant despite the lack of CH and PL seen in Fig. 1, shifted
to smaller sized fractions in the absence of apoA-II. ApoC-III showed a

The classic studies of Cheung and Albers [19] introduced the concept
that HDL particles can be classiﬁed in terms of apoA-I and apoA-II content, speciﬁcally as LpA-I/A-II (with both proteins) and LpA-I (with
apoA-I but not apoA-II). This suggested that apoA-I and apoA-II act as
molecular scaffolds that sequester extracellular lipid into structures
that allow the docking of additional proteins required for lipid metabolism, regulation of inﬂammation, innate immune functions, etc. These
auxiliary proteins may either dock directly with the scaffold itself or
with surface lipids once appropriately emulsiﬁed. This view is supported by the known interactions of apoA-I with plasma lipid modifying factors such as LCAT, for example [34]. However, our studies using gel
ﬁltration chromatography [20] and ultracentrifugation [18] have
shown that most of these lower abundance proteins are found in the
smaller, denser range of HDL particles. Recent understanding of the
structure of apoA-I on small HDL3c particles [35] indicates that even
two molecules of apoA-I can monopolize nearly 90% of the particle surface area, leaving little room for anything else. Thus, it is difﬁcult to understand how apoA-I or even apoA-II can fulﬁll a scaffold role on these
particles, unless they are predominantly making protein:protein contacts with the auxiliary proteins. Additionally, the summed molecular
weights of many of these proteins quickly surpass the measured mass
of an HDL3c particle when apoA-I is invoked as a scaffold. These observations led us to hypothesize a third class of lipoproteins that do not
contain apoA-I or perhaps even apoA-II. Since most lipophilic proteins
adopt a hydrated density that is overall similar to HDL when associated
with even small amounts of lipid [36], these particles would co-isolate
with HDL by ultracentrifugation. In the absence of alternative separation
methods, such species would be ‘lumped in’ with LpA-I or LpA-I/A-II
particles. We took advantage of the genetic tractability of the mouse
to ascertain the role of the major structural apolipoproteins of the A
class on the distribution of the minor proteins across plasma
lipoproteins.
Being far and away the most abundant protein found in classically
isolated HDL, knocking out apoA-I resulted in a dramatic drop in cholesterol and phospholipid levels in the HDL size range. In response, several
of the classic “apo” proteins showed either substantial decreases in concentration or elution pattern changes. ApoM, SAA-4 and LCAT were
below our threshold of detection in the apoA-I KO mice. This may indicate that an apoA-I-containing particle is required to recruit or stabilize
these proteins on lipoproteins. Since we only measured lipid bound proteins (via the PL binding resin), we do not know if lipid-free versions
were circulating in the KO animal or if they were cleared. The interaction of LCAT and apoA-I is well known, but while SAA-4 and apoM are
also established HDL-associated proteins [37,38], we are unaware of reports linking them speciﬁcally to apoA-I. Other proteins such as PON1,
PI-glycan-speciﬁc PLD (GPI-PLD) and His-rich glycoprotein shifted
their elution pattern from one of a lipid bound particle in the HDL size
range to smaller species that may be lipid-poor. This strongly suggests
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Fig. 5. Examples of proteins undergoing a size shift in response to apoA-I ablation. The normalized peptide counts (determined as in Fig. 5) for a given protein across each fraction are
shown. For all ﬁgures, WT mouse data is represented by ﬁlled bars, apoA-I KO data is represented by open bars. Data represents a mean peptide count from 3 animals in each group.
Stars indicate a signiﬁcant difference between the groups by t-test p b 0.05.

that these proteins, or at least a fraction of their circulating forms, normally associate with apoA-I. This agrees with previous studies showing
that PON1 binds to reconstituted LpA-I HDL particles with higher afﬁnity than those containing apoA-II or apoA-IV [39]. Additionally, the majority of GPI-PLD was shown to associate with LpA-I particles in human
plasma [40]. Still other proteins such as apoE and apoA-IV showed
minor alterations in the apoA-I KO, speciﬁcally in larger sized HDL particles in the fraction 20–21 range. This may indicate that the lion's share
of these proteins exist on particles that are independent of apoA-I, but
that there may be low abundance subpopulations containing both proteins. Again, this is largely consistent with 2-D gel electrophoresis experiments performed by Asztalos and colleagues showing that areas
that react with anti-apoA-I antibodies are largely distinct from those
which react with apoE and apoA-IV antibodies [22].
Perhaps more interesting from an HDL particle subclass viewpoint
were the proteins that failed to exhibit a shift when apoA-I was ablated.
This was surprising given the massive loss of PL in the apoA-I KO.

Strikingly, apoA-II, well known to coexist with apoA-I in HDL, retained
its overall plasma abundance and general elution pattern when apoA-I
was ablated. This observation held up both when the protein levels
were evaluated by peptide counting and by MS1 integration (though
apoA-II levels in the apoA-I KO mice trended about 30% lower than
WT by MS1). How apoA-II (8 kDa) maintains its size distribution in
the absence of most of the HDL phospholipid and cholesterol is unclear.
Given the well-known hydrophobicity of apoA-II, it may be that the protein self-associates into protein-rich particles of similar size to HDL in
the absence of apoA-I and most of the plasma phospholipid. Other notable proteins that failed to undergo a change in pattern were apoJ and
apoH. In humans, apoJ exists in two major populations of about 70–
90 kDa (presumably lipid-poor) and in an HDL sized particle of
200 kDa or larger [41], similar to what we saw in mice. Immunoprecipitation studies showed that isolated apoJ-HDL was largely devoid of
apoA-I [42]. ApoH is a 50 kDa glycoprotein that has been shown to be
associated with a variety of lipoproteins. It eluted signiﬁcantly larger
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Fig. 6. Examples of proteins NOT undergoing a size shift in response to apoA-I ablation. The ﬁgure is set up as for Fig. 6.

than its molecular weight peaking around fraction 26 (67 kDa albumin
eluted at fraction 28) suggesting its association with lipid containing
particles that likely do not contain apoA-I. We did not see elution shifts
in many of the more abundant plasma proteins like complement C3,
serotransferrin, gelsolin, vitamin D-binding protein, and many others.
While these have been consistently found in HDL preparations, the
exact distribution of these between lipid-free and lipid-bound is not
fully known. Our data suggests that most of these proteins probably exhibit subpopulations that are associated with PL to an extent that allows
them to ﬂoat in the HDL density range (and bind our lipid binding
resin), but these likely do not require cohabitation with apoA-I. Given
the large number of known HDL-associating proteins that were not affected by the loss of apoA-I, we argue that a signiﬁcant degree of the
proteomic diversity attributed to HDL may be contributed by low abundance ‘particles’ that lack apoA-I.
Like apoA-I, knockout of apoA-II also had a profound effect on circulating plasma lipids, reducing them to a degree comparable to the apoAI KO. This was noted in the original studies of these mice [43]. The

authors speculated that apoA-II is an inhibitor of hepatic lipase (HL),
and in the absence of apoA-II, HL runs amok reducing the HDL PL pool.
This was supported by studies in apoA-II and HL double KO mice
which showed a substantial recovery of HDL cholesterol [33]. Excess
HL activity could be envisioned to affect a majority of PL-associated proteins, even ones that do not normally require apoA-II residence on the
particle. Thus, the case of the apoA-II KO is more complicated than
whether a given protein requires apoA-II to form their normal sized
HDL particle “home”. For these reasons, we are reluctant to suggest
that a shift in the size distribution or abundance of a given protein in
the context of apoA-II ablation can necessarily be interpreted as evidence for their physical co-localization on lipoproteins. However, we
did note a few interesting points. First, despite the lack of HDL PL,
apoM levels were reduced, but not completely eliminated as they
were in the apoA-I KO animals. This may be due to the relatively abundant apoA-I that remains in the plasma of apoA-II KO mice (Fig. 10). It is
possible that even poorly lipidated apoA-I in these animals can stabilize
apoM levels to some extent, further suggesting an interaction between
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Fig. 7. Changes in overall protein abundance – WT vs. apoA-II KO. Normalized peptide
counts (see Methods) for each fraction were summed and compared with a t-test
p b 0.05. These were the tested by MS1 integration for three representative peptides,
also compared with a t-test p b 0.05. Results are shown only if they were signiﬁcant by
both peptide counting and MS1 integration strategies. Bars to the left reﬂect proteins
that were lower in the KO, bars to the right indicate higher abundance in the KO.

these proteins. Also, the overall size patterns of apoJ and apoH were not
greatly disturbed in the apoA-II KO suggesting that apoA-II may not
cohabitate with these proteins. This also may mean that apoJ and
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Fig. 9. Changes in overall protein abundance – apoA-IV KO vs. WT. Normalized peptide
counts (see Methods) for each fraction were summed and compared with a t-test
p b 0.05. These were the tested by MS1 integration for three representative peptides,
also compared with a t-test p b 0.05. Results are shown only if they were signiﬁcant by
both peptide counting and MS1 integration strategies. Bars to the left reﬂect proteins
that were lower in the KO, bars to the right indicate higher abundance in the KO.

apoH containing particles are relatively resistant to HL action. As with
apoA-I, many other proteins were not affected by apoA-II KO either in
abundance or pattern, again suggesting that these particles form independently of both proteins.

Fig. 8. Proteins patterns in response to apoA-II ablation. The ﬁgure is set up as for Fig. 6.
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Fig. 10. Proteins patterns in response to apoA-IV ablation. The ﬁgure is set up as for Fig. 6.

The absence of apoA-IV, on the other hand, did not affect the size distribution of many proteins nor lipids. Furthermore, in the absence of
apoA-I and apoA-II, apoA-IV elution patterns were not profoundly affected, other than slight changes in abundance. These ﬁndings suggest
that apoA-IV-containing HDL particles do not host apoA-I, apoA-II or
many of the minor HDL proteins. Thus, apoA-IV may be present largely
in isolation on its HDL subspecies. This is consistent with the studies of
Asztalos et al. [22] who have shown that apoA-IV migrates independently of apoA-I and apoA-II in a 2-D electrophoresis analysis of
human plasma. The plasma distribution between lipid-poor apoA-IV
and these HDL subspecies raises intriguing questions as to the physiological roles of each.
One striking result was the decrease in the mu chain of immunoglobulins (Ig). This chain was not signiﬁcantly affected in either the
apoA-I or apoA-II KO studies. Proteomic studies of HDL routinely ﬁnd
Ig molecules and it is not clear whether they are truly associated with
the particle or are contaminants due to their high plasma abundance.
The difference in the mu chain is particularly intriguing given the
large differences in size (elution volume) between the Ig and apoA-IVcontaining particles. While this observation may be a statistical anomaly
needing further validation, the fact that IgM antibodies play an important role in primary defense mechanisms is in line with a host of other
HDL proteome members involved in immunity.
In summary, we provided the ﬁrst comprehensive analysis of the impact of genetic ablation of the class A apolipoproteins on the size and
abundance of HDL auxiliary proteins. Our results indicate that apoA-I
and apoA-II are important HDL structural proteins that serve as an assembly scaffold for a subset of auxiliary HDL proteins, particularly the
C's and apoM. Whether this requires speciﬁc protein:protein interactions or more subtle effects such as modulating lipid content or surface
characteristics of the particles is an area of active investigation in our
laboratory. The data also indicate that distinct HDL subpopulations
exist that do not contain, nor depend on, apoA-I, apoA-II or apoA-IV
and these contribute substantially to the proteomic diversity of HDL. Indeed, many lipid-containing complexes appear to assemble just ﬁne in
their absence. Unlike LDL, which can be deﬁned by the presence of a single copy of apoB with additional proteins associated, HDL should not be

deﬁned solely by the presence of apoA-I (or apoA-II). Since the density
of a given macromolecular complex is a weighted average of the density
of its components, a simple calculation shows that any protein
(d ~ 1.3 g/mL) [44] only needs to bind 70–90% of its mass in phospholipid (d ~ 1.04 g/mL) [45] to fall within the HDL density range and thereby
co-isolate with apoA-I-containing HDL particles by density ultracentrifugation. Are these complexes generated by similar mechanisms, i.e.
ATP binding cassette transporter A1 [46–48], that are known to generate apoA-I containing particles? Do these complexes play lipid transport
roles like apoA-I containing particles, or do they represent a lower abundant class that are tasked to alternative functions like anti-inﬂammation, proteolysis, immunity support or cell proliferation/apoptosis?
Further study may result in the identiﬁcation of particles with superior
cardio protective properties or altogether new HDL functions that may
relate to other chronic inﬂammatory diseases. It may be that manipulation of these specialized species could prove more fruitful than non-speciﬁc HDL-raising strategies which have proven disappointing to date.
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