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 The inverse relationship between plasma HDL choles-
terol concentration and the risk of developing premature 
atherosclerotic vascular disease has generated interest in 
understanding the role of HDL-associated apolipoproteins 
on the atheroprotective function of HDL ( 1–4 ). The pres-
ence of apolipoproteins on HDL plays a major role in the 
structural organization and intravascular metabolism of 
HDL, particularly with regard to cellular receptor and 
transporter binding, lipolytic enzyme activity, and lipid ex-
change or transfer. Human HDL contains two major apo-
lipoproteins, apolipoprotein A-I (apoA-I) and apoA-II, 
which represent  � 80% and  � 20% of the total protein 
content of HDL particles, respectively ( 5, 6 ). In addition, 
human HDL also contains several other minor apolipo-
proteins, including apoA-IV ( 7, 8 ), the C-apolipoproteins 
( 9, 10 ), apoD ( 11 ), apoE ( 12 ), apoJ ( 13 ), and apoL ( 14 ). 

 Pre �  HDL is a descriptive term to differentiate HDLs on 
the basis of electrophoretic mobility in agarose gels ( 15 ). 
In normolipidemic human plasma, 90–95% of total HDL 
is  � -migrating HDL, and only 5–10% is pre �  HDL ( 16, 
17 ). Pre �  HDLs in human plasma exist as several subpopu-
lations of discrete sizes ( 18 ). The formation of pre �  HDL 
is thought to be important for reverse cholesterol trans-
port (RCT), a process by which excess cholesterol in pe-
ripheral tissues is transported to the liver for secretion into 
bile and elimination from the body in feces. Pre �  HDLs 
have been suggested to be the initial acceptors of excess 
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Sunnyvale, CA) and processed to >85% purity, conjugated to key-
hole limpet hemocyanin (KLH), and used for immunization of 
rabbits (Lampire Biological Laboratories, Pipersville, PA). Anti-
serum was tested by ELISA using the apoM peptide conjugated to 
BSA as antigen and by Western blotting of medium from apoM-
transfected and control cells. Rabbit anti-ABCA1 antiserum was 
raised to a 24-mer peptide of the C-terminal region of mouse 
Abca1 conjugated to KLH as previously described ( 29 ). 

 Goat anti-human apoA-I polyclonal antibody was from Biode-
sign (K45252G), and mouse anti-M2-FLAG monoclonal (F3165) 
and mouse anti- � -actin monoclonal antibody (A5441) were pur-
chased from Sigma. Rabbit polyclonal anti-GRP94 antibody 
(ab18055) and AlexaFluor 594-conjugated lectin GS-II antibody 
(L21416) for endoplasmic reticulum (ER) and Golgi immunode-
tection were purchased from Abcam and Molecular Probes, re-
spectively. Secondary antibodies for Western blot (anti-mouse 
horseradish peroxidase) and immunofl uorescence (FITC-conju-
gated anti-mouse/Rhodamine-conjugated anti-rabbit) analysis 
were from Pierce and Jackson Immunoresearch, respectively. 

 ApoM-WT and apoM-C-FLAG cDNA cloning 
into pcDNA3 

 ApoM cDNA (accession number BC020683) was purchased 
from the National Institutes of Health mammalian gene collec-
tion-human (Invitrogen-iGene, Clone ID 4733993). ApoM-wild 
type (WT) and apoM-C-FLAG (apoM with C-terminal FLAG 
epitope tag) cDNAs were produced by PCR amplifi cation using 
primer combinations as follows: ApoM-WT forward, 5 ′ -CTGCG-
GATCCTGAAGATGTTCCACCAAATTTGGGCAGCTCTGC-3 ′ ; 
apoM-WT reverse, 5 ′ -GCAGCTACGTCTAGATCAGTTATTGGA-
CAGCTCACAGGCCTCTT-3 ′ ; apoM-CFLAG forward, 5 ′ -CTGCG-
GATCCTGAAGATGTTCCACCAAATTTGGGCAGCTCTGC-3 ′ ; 
and apoM-CFLAG reverse, 5 ′ -TACGTCTAGATCACTTGTCGTCG-
TCGTCCTTGTAGTCGTTATTGGACAGCTCACAGGCCTCTT-
GATTC-3 ′ . Oligonucleotide-encoded  Bam HI and  Xba I restriction 
enzyme sites were introduced, respectively, at the 5 ′  and 3 ′  fl ank-
ing sites of the apoM-WT and apoM–C-FLAG cDNAs. Amplifi ed 
cDNAs were digested with  Bam HI and  Xba I and then cloned into 
the same sites in pcDNA3. Automated DNA sequencing was per-
formed for individual clones of apoM-WT and apoM-C-FLAG 
pcDNA3 to verify sequence integrity. 

 Transfection of apoM-WT and apoM-C-FLAG cDNA 
 Cells were grown on poly- L -lysine HBr (Sigma; P1399)-coated 

plates until they reached 95% confl uence, after which they were 
transfected for 24 h with empty vector (pcDNA3), apoM-WT 
(pcDNA3-apoM-WT), and apoM-C-FLAG (pcDNA3-apoM-C-FLAG) 
using Lipofectamine 2000 TM  (Invitrogen) according to the 
manufacturer’s instructions. 

 ApoM Western blotting 
 Cells were lysed with radioimmuno-precipitation buffer (50 

mM Tris, pH 7.6, 150 mM NaCl, 0.25% sodium deoxycholate, 1% 
Nonidet P-40, and protease inhibitors), and cell protein was mea-
sured by the BCA protein assay (Pierce). Thirty micrograms of cell 
lysate protein was fractionated using 4-20% SDS-PAGE and trans-
ferred onto a nitrocellulose membrane (Schleicher and Schuell, 
Keene, NH) by electroblotting (300 mA, 2 h). Membranes were 
then blocked with 5% nonfat dry milk and 0.1% Tween 20 in TBS 
(blocking buffer) overnight at 4°C and then incubated with pri-
mary antibody [rabbit preimmune antiserum (1:200), anti-apoM 
antiserum (1:200), or mouse anti-M2-FLAG antibody (1:1000)], 
followed by secondary antibody (anti-rabbit or anti-mouse horse-
radish-peroxidase-labeled IgG; Pierce, #NA934V or NXA931, 
respectively). For visualization, the Supersignal West Pico 

cell cholesterol in the fi rst step of RCT and, as such, repre-
sent critical intermediates in this process. 

 In 1999, Xu and Dahlback ( 19 ) isolated a novel 26 kDa 
protein, human apoM, that associates with HDLs. Al-
though apoM is predominantly associated with HDL in 
plasma, only about 5% of HDL particles contain apoM 
( 20 ), and an even smaller fraction (0.2–1%) of LDL parti-
cles in plasma contain apoM ( 21 ). ApoM is reported to 
have an uncleaved signal peptide that behaves like a hy-
drophobic signal anchor, resulting in integral association 
with membranes and lipoproteins ( 19 ). Recently, Wolfrum, 
Poy, and Stoffel ( 22 ) demonstrated that the lack of apoM 
expression in Tcf1 �  (hepatic nuclear factor 1 � )  � / �   mice 
or in apoM small interfering RNA-injected mice leads to 
formation of unusual larger-sized HDL 1  particles and the 
disappearance of pre �  HDL in plasma, suggesting that 
apoM may play a role in HDL metabolism, particularly 
with regard to formation or catabolism of pre �  HDL. 

 ABCA1 is critical for nascent pre �  HDL formation ( 23 ). 
Interaction of apoA-I with ABCA1 protein on the cell sur-
face promotes the transmembrane transport of cellular 
phospholipid (PL) and free cholesterol (FC) to assemble 
with apoA-I, forming nascent HDL ( 24 ). ABCA1 activity is 
necessary and suffi cient to generate heterogeneous-sized 
nascent HDL particles that resemble plasma pre �  HDL in 
size ( 23, 25–27 ). Despite the fact that apoM expression in-
fl uences plasma pre �  HDL levels ( 22 ), the role of apoM in 
nascent pre �  HDL assembly by ABCA1 is unknown. 

 The goal of our study was to determine whether apoM 
affects nascent pre �  HDL assembly by ABCA1. To accom-
plish this, we performed a series of experiments in which 
nascent pre �  HDL formation was investigated during incu-
bation of apoA-I with ABCA1-expressing or control cells 
transiently transfected with apoM cDNA. We were inter-
ested in the degree to which apoM expression affected the 
size and quantity of nascent pre �  HDL and the extent to 
which apoM associated with nascent HDL. We were also 
interested in the secretion effi ciency of apoM since it has 
been reported to be an integral membrane protein ( 19 ). 
Our results show that apoM is poorly secreted from 
HEK293, and only a small fraction of the secreted apoM is 
associated with nascent HDL. Nevertheless, expression of 
apoM resulted in a dose-dependent increase in pre �  HDL 
size. Thus, we hypothesized that apoM may function cata-
lytically at an intracellular site to transfer lipid onto nascent 
pre �  HDL during or after their formation by ABCA1. 

 MATERIALS AND METHODS 

 Cell culture 
 Human embryonic kidney 293 Flp-In™ (Control; Invitrogen) 

and HEK293-ABCA1 cells (a generous gift from Dr. Michael 
Hayden, University of British Columbia, Canada) were main-
tained as described previously ( 23 ). 

 Antibodies 
 Anti-apoM polyclonal antiserum was generated as described by 

Richter et al. ( 28 ). ApoM peptide (amino acids 140–159; GYQR-
FLLYNRS-PHPPEKCVE) was synthesized (American Peptide, 
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X-100). The supernatant fractions were adjusted to the following 
immunoprecipitation conditions: 50 mM Tris-HCl, pH 7.4, 200 
mM NaCl, 70 mM Na 2 CO 3 , 1 mM CaCl 2 , and 1% Triton X-100. 
The fi nal pH was adjusted to 7.2 by adding a predetermined 
amount of dilute HCl. Both supernatant and pellet fractions were 
adjusted to 1 mg/ml BSA, 1 mM PMSF, 10  � g/ml leupeptin, and 
10  � g/ml pepstatin. Immunoprecipitation with anti-M2-FLAG 
monoclonal antibody or anti-human albumin antiserum was per-
formed, immunoprecipitates were fractionated on 4–20% SDS 
PAGE gels, and gels were visualized using a phosphor imager. 

 Nascent pre �  HDL analysis and isolation by 
size-exclusion chromatography 

 Control and ABCA1-expressing cells were grown in 3 × 100 
mm dishes until they reached 95% confl uence and then trans-
fected with empty vector (pcDNA3), apoM-WT, or apoM-C-FLAG 
for 24 h. The transfection media were then removed and cells 
were incubated with 10  � g/ml of  125 I-apoA-I (10 5  cpm/ � g) for 24 
h. Immediately prior to incubation,  125 I-apoA-I was heated to 
60°C (i.e., just above the transition temperature of apoA-I) ( 32, 
33 ) for 30 min and then cooled to room temperature to stan-
dardize the conformational state of apoA-I. After incubation, the 
conditioned media were harvested and concentrated using an 
Amicon Ultra-10 concentrator and fractionated on three Super-
dex-200HR fast-protein liquid chromatography (FPLC) columns 
(Amersham Biosciences) connected in series using 0.15 M NaCl 
and 0.01% EDTA, pH 7.4 (column buffer). The particles were 
eluted at a fl ow rate of 0.3 ml/min; individual fractions were ana-
lyzed for  125 I radioactivity, and the  125 I profi le was plotted. Ali-
quots of selected fractions were resolved by 4–30% nondenaturing 
gradient gel electrophoresis and visualized with a phosphor im-
ager to determine the elution position of homogeneously-sized 
pre �  HDL particles, which were then pooled and used for subse-
quent studies. Our previous work has shown that at least four 
subfractions of nascent pre �  HDL can be isolated by this proce-
dure; we have designated these as pre �  1, 2, 3, and 4 HDL to de-
note particles of increasing diameter on nondenaturing gradient 
gel electrophoresis ( 23 ). 

 To determine whether secreted apoM affected nascent pre �  
HDL assembly, we performed the following experiment. Control 
cells were plated and transfected either with empty vector, apoM-
WT, or apoM-C-FLAG for 24 h. Transfection media were then 
removed and cells were incubated with DMEM in the presence of 
2 mM  L -glutamine, 100 units/ml penicillin, and 100  � g/ml strep-
tomycin (DMEM) for 24 h. Conditioned media were then har-
vested from each treatment, and 10  � g/ml of  125 I-apoA-I (10 5  
cpm/ � g) was added. These media were then used for incubation 
with nontransfected control and ABCA1-expressing cells for 24 
h. After incubation, media were harvested, concentrated, and 
fractionated using Superdex-200HR columns as described above, 
and  125 I radioactivity profi les were plotted and compared. 

 In other experiments, empty vector, apoM-WT, and apoM-C-
FLAG transfected-control and ABCA1-expressing cells were radio-
labeled with 2  � Ci/ml of 1 � ,2 � -[ 3 H] cholesterol or [methyl- 3 H]
choline chloride for 16 h and then incubated with 10  � g/ml of 
nonradiolabeled apoA-I for 24 h. After incubation, conditioned 
media were concentrated and fractionated by Superdex 200HR 
FPLC as described above. One hundred microliters of each frac-
tion was quantifi ed for  3 H-radioactivity. The  3 H-radioactivity pro-
fi le was plotted and compared with the  125 I-radioactivity profi le. 

 Coimmunoprecipitation of apoA-I and apoM on nascent 
pre �  HDL 

 Nascent pre � 1, 2, 3, and 4 HDLs were isolated from media of 
apoM-C-FLAG-transfected control and ABCA1-expressing cells as 
described above. One microgram of apoA-I from each nascent 

chemiluminescence substrate (Pierce) was used, and the image 
was captured with a FujiFilm LAS-3000 cold camera. 

 ApoM cellular location by immunofl uorescence 
 Control and ABCA1-expressing HEK-293 cells were seeded 

onto Labtek II chamber slides (Nalge Nunc, Rochester, NY) pre-
coated with poly- L -lysine, transfected for 6 h with an expression 
vector for apoM-C-FLAG, and then incubated for 18 h in serum-
free DMEM ± 10  � g apoA-I /ml. Cells were immediately fi xed with 
3% paraformaldehyde for 10 min at room temperature and im-
munocytochemically labeled with an indirect or direct procedure 
in which all incubations, including washes, were performed in 
blocking solution containing 0.1% saponin and 10% goat serum 
in PBS. Mouse anti-M2 FLAG antibody, rabbit polyclonal anti-
GRP94 antibody (Abcam, Cambridge, MA), and AlexaFluor 594-
conjugated lectin GS-II (Molecular Probes) were used at 1:400, 
1:200, and 1:500 dilution, respectively. FITC or Cy3-conjugated sec-
ondary antibodies (Jackson ImmunoResearch) were used at 1:500 
dilution. Confocal images were acquired using a C-apochromat ×63 
NA 1.2 water immersion objective mounted on a Zeiss LSM510 
confocal laser scanning microscope (Carl Zeiss, Thornwood, NY) 
equipped with multiple-line argon and HeNe lasers. The FITC 
fl uorophore was excited at 488 nm, and the emitted fl uorescence 
was collected using a 505–530 nm band-pass fi lter, whereas the 
Alexa 594 and Cy3 probes were excited at 543 nm, and emission 
was collected using a 565–615 nm band-pass fi lter. 

 Analysis of apoM secretion effi ciency 
 Control and ABCA1-expressing cells were cultured in 100 mm 

dishes and transiently cotransfected with 12  � g apoM-C-FLAG 
cDNA and 12  � g albumin cDNA, as described above. Twenty-four 
hours after transfection, cells were metabolically radiolabeled 
with 100  � Ci/ml [ 35 S]Met/Cys (EasyTag Express protein label-
ing mix; PerkinElmer Life Sciences) in Met/Cys-defi cient DMEM 
for 30 min followed by chase periods of 0, 0.5, 1, 2, 3, and 4 h. At 
the end of the chase periods, apoM and albumin from media and 
cell lysates were immunoprecipitated with anti-FLAG M2 and 
anti-human albumin antibody, respectively, and fractionated by 
SDS-PAGE. Dried gels were exposed to a phosphor imager 
screen. Radioactive gel images were captured with a FujiFilm 
BAS-5000 Imager, and the intensities were quantifi ed using Mul-
tigauge V3.0 (FujiFilm). Data were presented as percentage of 
band intensity at each time point relative to cells at the beginning 
of the chase (i.e., 0 h time point). 

 Sodium carbonate extraction of postnuclear membrane 
 For sodium carbonate extraction ( 30, 31 ), control and ABCA1-

expressing cells were cotransfected with human albumin and ei-
ther apoM-C-FLAG or human CD4-N-FLAG (integral membrane 
protein, N-terminus FLAG) cDNA ( 31 ). Twenty-four hours after 
transfection, cells were radiolabeled with  35 S-Met/Cys for 4 h, af-
ter which postnuclear membranes were isolated as described 
( 31 ). The membrane pellet was then resuspended in membrane 
buffer (10 mM HEPES, pH 7.4, 250 mM sucrose, 10 mM NaCl, 10 
mM KCl, 2.5 mM CaCl 2 , and 2.5 mM MgCl 2  plus protease inhibi-
tors), dounce homogenized and adjusted to 0.1 M sodium car-
bonate, pH 11.5. After incubation on ice for 1 h, the membranes 
were centrifuged at 240,000  g  for 30 min in a TLA100.3 rotor. 
The supernatant was recovered and the pellet was resuspended in 
an additional 2 ml of 0.1 M sodium carbonate. After incubation 
and recentrifugation, the pellet fraction was washed twice with 1 
ml of TBS and then resuspended in 200  � l of 25 mM Tris HCl, 
pH 7.4, and 1% SDS. The pellet fraction was boiled for 10 min, 
cooled to room temperature, and diluted with 800  � l of Triton 
lysis buffer (0.15 M NaCl, 25 mM Tris HCl, pH 7.5, and 1% Triton 
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expression of apoM was observed regardless of whether 
apoA-I was present in the medium or whether ABCA1 was 
expressed (i.e., control versus ABCA1-expressing cells). 

 ApoM secretion effi ciency in control and 
ABCA1-expressing cells 

 To determine whether apoM is secreted into the me-
dium, and whether ABCA1 expression affects its secretion 
effi ciency, we performed pulse-chase metabolic radiolabel-
ing experiments. ABCA1-expressing cells were cotrans-
fected with albumin and apoM-C-FLAG cDNA. Cells were 
radiolabeled with  35 S-Met/Cys for 30 min, followed by chase 
periods up to 4 h. At the end of each chase period, cell ly-
sate and media were harvested and subjected to immuno-
precipitation with anti-human albumin and anti-FLAG 
antibodies. Compared with albumin, apoM was secreted 
with slow kinetics and poor effi ciency (  Fig. 3  ).  In ABCA1-
expressing cells,  � 90% of the initial albumin radiolabel 
was secreted 1.5 h postchase. In contrast, even after a 4 h 
chase period, only  � 25% of apoM was secreted into the 
medium. Further, while albumin recovery was 100% after 
4 h, only  � 50% of apoM was recovered, indicating a substan-
tial degree of intracellular degradation. In a separate ex-
periment, 4 h conditioned media and cell lysate from 
apoM-C-FLAG transfected ABCA1-expressing cells were an-
alyzed with Western blotting using an anti-FLAG antibody 
to monitor apoM mass distribution. Less than 20% of total 
apoM mass was recovered in media (data not shown), sup-
porting the pulse-chase kinetic results and suggesting that 
very little expressed apoM undergoes secretion. 

 Sodium-carbonate extractability of apoM 
 To further investigate whether a fraction of apoM has 

properties of an integral membrane protein, microsomes 

pre �  HDL subfraction was immunoprecipitated with goat anti-
human apoA-I antibody overnight at 4°C. Protein G Sepharose 
beads were added to each sample and incubated at 4°C for 1.5 h, 
after which samples were spun at 12,000  g  for 10 s to pellet the 
beads. The supernatant was collected, and proteins in the super-
natant were precipitated with TCA. The pelleted Protein G Sep-
harose beads were washed three times with Triton lysis buffer 
(0.15 M NaCl, 25 mM Tris HCl, pH 7.5, and 1% Triton X-100) 
and then boiled for 5 min with immunoprecipitation buffer 
(0.1% SDS, 10 mM Tris HCl, pH 7.5, and 25 mM EDTA) to re-
cover anti-apoA-I bound protein. The protein recovered from 
the Protein G Sepharose beads as well as the TCA-precipitated 
supernatant proteins were resolved using 4–20% SDS-PAGE and 
transferred to nitrocellulose membranes for Western blot analy-
sis. An aliquot of each pre �  HDL fraction equivalent to 1  � g 
apoA-I was also subjected to TCA precipitation and analyzed on 
the gels with the supernatant and pellet fractions from the im-
munoprecipitation. Membranes were incubated with anti-M2-
FLAG antibody and anti-mouse IgG peroxidase, and apoM was 
detected with chemiluminescence substrate (Pierce). Mem-
branes were also exposed to a phosphor imager screen to visual-
ize the  125 I radioactivity. Pixel intensities were measured using 
MultiGauge V3.0 software (FujiFilm). 

 RESULTS 

 ApoM expression in control and ABCA1-expressing cells 
 ApoM expression was investigated by Western blot anal-

ysis using control and stably transfected ABCA1-expressing 
cells transiently transfected with empty vector (pcDNA3), 
apoM-WT, or apoM-C-FLAG cDNA. Western blot analysis 
using anti-apoM antisera and anti-M2-FLAG antibody vali-
dated the presence of apoM protein in apoM-WT and 
apoM-C-FLAG transfected cells, but not in pcDNA3-trans-
fected cells (  Fig. 1A , B ).  Western blots using preimmune 
serum showed no evidence of immunoreactivity in the size 
range of apoM ( � 26 kDa) (data not shown). 

 ApoM has been reported to be an integral membrane 
protein because it retains its hydrophobic signal peptide, 
which may act as a membrane anchor. We investigated the 
cellular location of apoM protein in control and ABCA1-
expressing transfected cells using immunofl uorescence 
microscopy. Control and ABCA1-expressing cells were 
transfected with pcDNA3 or apoM-C-FLAG, and immuno-
fl uorescence was detected by incubating fi xed cells with 
monoclonal antibody to the FLAG epitope, followed by goat 
anti-mouse IgG FITC-labeled secondary antibody. We did 
not detect apoM protein expression in cells transfected with 
pcDNA3 (data not shown). However, apoM-C-FLAG-trans-
fected cells showed signifi cant expression of apoM protein 
both in control (data not shown) and ABCA1-expressing 
cells (  Fig. 2  , left panel).  To determine the cellular compart-
mentalization of apoM protein, colocalization of apoM with 
ER and Golgi markers was performed ( Fig. 2 , center and 
right panels). ApoM was observed predominantly in the 
exocytic compartments of the cell, as evidenced by the 
extensive colocalization with GRP94 (ER, top panel) and 
Lectin GS-II (Golgi, bottom panel). A similar pattern of 
apoM cellular localization was observed in control cells not 
expressing ABCA1 (data not shown). No discernible surface 

  Fig.   1.  ApoM protein expression in control and ABCA1-expressing 
cells. Control and ABCA1-expressing cells were transfected with 
pcDNA3 (control), apoM-WT, or apoM-C-FLAG cDNA as described 
in Materials and Methods. Cells were suspended in radioimmuno-
precipitation buffer, and 30  � g of cellular protein were fractionated 
by SDS-PAGE and transferred to nitrocellulose for Western blot anal-
ysis. The blots were incubated with rabbit anti-apoM antisera (1:200 
dilution) or anti-M2-FLAG antibody (10 µg/ml) as denoted in A and 
B. Lanes corresponding to control (-ABCA1) and ABCA1-expressing 
(+) cells transfected with apoM-WT and apoM-FLAG are indicated 
beneath each gel. Molecular weight (kDa) of protein markers are 
indicated on the left side of the gels. Arrow indicates migration posi-
tion of apoM. ns, nonspecifi c band.   
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equal band intensities in the supernatant (S) and mem-
brane pellet (P) fractions. It is also of interest that, unlike 
albumin, the apoM not removed from the microsomes af-
ter the fi rst extraction remained stably associated with 
membranes, as evidenced by its complete absence in the 
S2 fraction. 

 ApoM expression results in larger-sized nascent HDL 
particle formation by ABCA1 

 We previously demonstrated that interaction of apoA-I 
with ABCA1-expressing cells leads to the formation of het-
erogeneous-sized nascent pre �  HDL particles that can be 
isolated preparatively by size-exclusion FPLC ( 23 ). To de-
termine whether apoM expression plays a role in nascent 
pre �  HDL particle formation and infl uences the size dis-
tribution of nascent pre �  HDL particles, we transfected 
control and ABCA1-expressing cells with empty vector, 
apoM-WT, and apoM-CFLAG cDNA and incubated the 
cells in the presence of  125 I-apoA-I for 24 h. Conditioned 
media were harvested and fractionated by size-exclusion 
FPLC. Incubation of  125 I-apoA-I with control cells (  Fig. 5A  , 

from cells transfected with apoM-C-FLAG, albumin, or 
CD4-N-FLAG cDNA were subjected to extraction with 0.1 
M sodium carbonate, pH 11.5 ( 30, 34 ). Supernatants from 
two sequential carbonate extractions and the fi nal mem-
brane pellets were subjected to immunoprecipitation with 
anti-FLAG or anti-human albumin antibody. The immu-
noprecipitated proteins were fractionated by SDS-PAGE 
and visualized using a phosphor imager (  Fig. 4  ).  As ex-
pected,  � 80% of albumin, a known soluble secretory pro-
tein, was effi ciently extracted with two sequential rounds 
of sodium carbonate, with  � 20% remaining in the mem-
brane pellet (P). In contrast, CD4-N-FLAG, an integral 
membrane protein, was resistant to carbonate extraction 
and was recovered almost exclusively in the membrane 
pellet. ApoM protein extractability was intermediate to 
that of a secretory protein (albumin) and an integral mem-
brane protein (CD4-N-FLAG), as shown by the nearly 

  Fig.   2.  Subcellular localization of apoM in ABCA1-
expressing cells. ABCA1-expressing cells were tran-
siently transfected with apoM-C-FLAG expression 
vector and visualized by confocal fl uorescence mi-
croscopy following immunolabeling with anti-FLAG 
antibodies (apoM, green), anti-GRP94 antibody (up-
per panel; ER marker, red), or lectin GS-II (lower 
panel; Golgi marker, red) as described in Materials 
and Methods. In the right panels, composite fl uores-
cent signals (1  � m confocal slices) were superim-
posed on Nomarski differential interference contrast 
(DIC) images. Note the extensive colocalization (yel-
low) and the absence of apoM immunoreactivity at 
the plasma membrane. N, nucleus. Bars = 5  � m.   

  Fig.   3.  Secretion effi ciency of apoM and albumin from HEK293 
ABCA1-expressing cells. HEK293 ABCA1-expressing cells were 
cotransfected with human albumin and apoM-C-FLAG cDNA, fol-
lowed by a 30 min pulse with  35 S-Cys/Met and chase periods up to 
4 h. Albumin and apoM were immunoprecipitated from chase me-
dia and cell lysates and separated on 4–20% SDS PAGE gels. The 
gels were dried and apoM and albumin band intensities were quan-
tifi ed using a phosphor imager. Data (duplicate values at each time 
point) are plotted as percentage of intensity relative to cells at the 
start of the chase period; the line of best fi t was determined by 
curve fi tting using GraphPad Prism software.   

  Fig.   4.  Extraction of post nuclear membranes of HEK293 control 
and ABCA1-expressing cells with sodium carbonate, pH 11.5. Con-
trol or ABCA1-expressing HEK293 cells were transiently transfected 
with albumin, apoM-C-FLAG (apoM), or CD-4-N-FLAG (CD-4) 
cDNA, as indicated on the right side of the fi gure. Microsomal 
membranes prepared from the transfected cells were subjected to 
two rounds of extraction with 0.1 M sodium carbonate, pH 11.5. 
The protein contained in the supernatant from the fi rst (S1) and 
second (S2) carbonate extraction as well as the fi nal membrane 
pellet (P) were immunoprecipitated with anti-human albumin or 
-FLAG antibody. Immunoprecipitates were fractionated by 4–20% 
SDS-PAGE and proteins visualized with a phosphor imager.   
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pre �  HDL, similar to our previously published observa-
tions ( Fig. 5A , ABCA1, empty vector) ( 23 ). Transfection of 
ABCA1-expressing cells with apoM-WT and apoM-C-FLAG 
cDNA resulted in less radiolabeled apoA-I in the smallest 
particle elution region of the column (i.e., pre � 1 HDL; 
fractions 162–175) and an increase in formation of larger-
sized nascent pre � 2, pre � 3, and pre � 4 HDL that were 
eluted in earlier fractions ( Fig. 5A ). 

 To investigate whether the formation of larger-sized na-
scent pre �  HDL particles observed with apoM expression 
occurred exclusively due to interactions in the medium, 
apoM-conditioned medium from control cells (not ex-
pressing ABCA1) was added along with  125 I-apoA-I to cells 
expressing ABCA1, but not apoM.  Figure 5B  shows a simi-
lar distribution of nascent pre �  HDL particles for condi-
tioned media derived from pcDNA3, apoM-WT, and 
apoM-C-FLAG cDNA-transfected cells, demonstrating that 
apoM-conditioned media alone is not suffi cient to pro-
mote the formation of larger pre �  HDL particles as ob-
served in  Fig. 5A , where cells were transfected with apoM. 
These results suggest that the formation of larger-sized na-
scent pre �  HDL upon expression of apoM may occur at an 
intracellular site and/or at the cell surface during nascent 
HDL particle assembly by ABCA1. 

 ApoM expression redistributes  3 H-cholesterol and 
 3 H-PL to larger-sized nascent HDL particles 

 As shown in  Fig. 5A , apoM expression resulted in a shift 
in elution of  125 I-apoA-I to larger nascent HDL particles. 
We next investigated whether expression of apoM would 
affect the distribution of  3 H-cholesterol and  3 H-PL among 
nascent HDL particles.   Figure 6    shows the  3 H-cholesterol 
and  3 H-choline-containing PL elution profi le of condi-
tioned media obtained from ABCA1-expressing cells trans-
fected with pcDNA3 (empty vector), apoM-WT, or 
apoM-C-FLAG cDNA. The elution profi le of  125 I-apoA-I in 
the different-sized nascent HDL particles, determined in a 
separate experiment, is denoted by the vertical dashed 
lines. Similar to results for  125 I-apoA-I ( Fig. 5A ), the elu-
tion profi les of  3 H-PL ( Fig. 6A ) and  3 H-cholesterol ( Fig. 
6B ) were shifted to larger particle sizes when apoM was 
expressed by cells. The increase in radioactivity of  3 H-PL 
in pre �  3–5 HDL with apoM expression was less striking 
than that of  3 H-cholesterol, presumably due to a greater 
dilution of  3 H-choline specifi c activity in cells relative to 
that of  3 H-cholesterol. 

 Increase in nascent HDL particle size is related to apoM 
expression level 

 Next, we examined whether there is a dose-dependent 
relationship between apoM expression and the particle 
size of nascent HDL formed by ABCA1. Transfection of 
ABCA1-expressing cells with increasing amounts of apoM-
C-FLAG expression vector resulted in a proportional in-
crease in cellular apoM protein expression (  Fig. 7A  ).  This 
DNA dose-dependent increase in apoM protein level was 
accompanied by a stepwise shift of the FPLC elution pro-
fi le of nascent pre �  HDL particles to earlier elution frac-
tions ( Fig. 7B, C ), indicative of increasing particle size. 
Analysis of the nascent HDL peak shift as a function of 

control)  or with control cells transfected with empty vec-
tor, apoM-WT, or apoM-C-FLAG did not lead to formation 
of nascent pre �  HDL particles (data not shown). These 
results agree with our previous study that showed no de-
tectable nascent pre �  HDL formation in the absence of 
ABCA1 expression ( 23 ). Incubation of  125 I-apoA-I with 
empty vector (pcDNA3)-transfected ABCA1-expressing 
cells initiated formation of heterogeneous-sized nascent 

  Fig.   5.  Cellular apoM expression results in larger-sized nascent 
HDL particles A: Nascent HDL distribution of conditioned me-
dium of control and ABCA1-expressing cells transfected with empty 
vector, apoM-WT, or apoM-C-FLAG, followed by 24 h incubation 
with  125 I-apoA-I. Experimental details are provided in Materials and 
Methods. B: Nascent HDL distribution in apoM conditioned me-
dium after incubation with  125 I-apoA-I and ABCA1-expressing cells. 
Control cells (i.e., no ABCA1 expression) were transfected with 
empty vector, apoM-WT, or apoM-C-FLAG cDNA for 24 h. The 
transfection medium was removed and replaced with fresh me-
dium for another 24 h incubation to generate apoM conditioned 
medium. The apoM conditioned medium was then added along 
with  125 I-apoA-I to cells expressing ABCA1, but not apoM. After an 
additional 24 h incubation, the medium was harvested, concen-
trated, and fractionated by high resolution FPLC. The dashed lines 
denote the elution ranges of pre � 1(<7.1 nm), 2 (7.4–7.5 nm), 3 
(9.7–10.4 nm), 4 (11.8–12.6 nm), and 5 (>12.6 nm) HDL for 
ABCA1-expressing cells in the absence of apoM expression (i.e., 
empty vector transfected).   



520 Journal of Lipid Research Volume 51, 2010

cDNA into HEK293 cells expressing ABCA1 or control 
cells not expressing ABCA1. We have previously shown 
that HEK293 cells lack expression of other known HDL-
modifying proteins ( 23 ). The results of our study provide 
several novel observations. First, apoM expression is not 
necessary for the formation of nascent HDL by ABCA1; 
however, apoM expression leads to formation of larger-
sized nascent pre �  HDL particles. Furthermore, the for-
mation of the larger-sized nascent pre �  HDL particles 
upon apoM expression appears to occur at the expense of 
smaller pre � 1 HDL fractions, perhaps by fusion or trans-
fer of apoA-I, cholesterol, and PL from smaller to larger 
nascent pre �  HDL ( Figs. 5 and 6 ). Second, apoM was 
poorly secreted relative to albumin ( Fig. 3 ) and appears to 
be retained in intracellular compartments, such as the ER 
and Golgi ( Figs. 2 and 4 ). Third, of the <20% of apoM that 
is secreted, <3% is associated with newly assembled nascent 
pre �  HDL particles ( Fig. 8 ). Finally, the presence of apoM 
in media of cells expressing ABCA1 is not suffi cient to fa-
cilitate the conversion of small pre �  HDL to larger pre �  
HDL, suggesting that this conversion occurs within the 
cell. Thus, we hypothesize that apoM may function at an 
intracellular site to facilitate the transfer of cholesterol, 
PL, and apoA-I onto nascent pre �  HDL particles during or 
after their formation by ABCA1. 

 Wolfrum, Poy, and Stoffel ( 22 ) showed that reduction 
of apoM expression in hepatocytes from hepatic nuclear 
factor 1 �   � / �   mice or mice treated with apoM small inter-
fering RNA resulted in the disappearance of pre �  HDLs in 
the circulation and that treatment of hepatic nuclear fac-
tor 1 �   � / �   mice with apoM-adenovirus resulted in the reap-
pearance of pre �  HDL particles in plasma. These results 
suggested that apoM expression was critical for pre �  HDL 
formation in vivo. Furthermore, loss of apoM expression 
resulted in the accumulation of large HDL 1  particles in 
plasma and an increase in plasma turnover of HDL 2  parti-
cles, suggesting that apoM also affected the metabolism of 

apoM expression suggested that the increase in HDL size 
was more pronounced with larger nascent HDL species 
( � pre � 3) than smaller pre � 2 HDL ( Fig. 7D ). 

 apoM associates poorly with apoA-I containing nascent 
HDL particles 

 The ABCA1-mediated formation of larger-sized nascent 
pre �  HDL particles with apoM expression could result 
from the association of apoM with nascent pre �  HDL 
particles. To investigate this possibility, we performed 
coimmunoprecipitation experiments using anti-FLAG, anti-
apoA-I, and anti-apoM antisera with pre �  HDL particles 
isolated from the media of apoM-C-FLAG-transfected ABCA1-
expressing cells incubated in the presence of  125 I-apoA-I. 
Immunoprecipitation of isolated nascent pre �  HDL 
particles with anti-FLAG antibody did not result in detect-
able apoA-I in the precipitate by Western blot analysis and 
 125 I-radioactivity detection (data not shown). In addition, 
immunoprecipitation of isolated nascent pre �  HDL parti-
cles with anti-apoA-I antibody followed by anti-FLAG West-
ern blot analysis demonstrated that most of the secreted 
apoM did not coimmunoprecipitate (P) with apoA-I-con-
taining nascent pre �  HDL particles (  Fig. 8A  )  and remained 
in the supernatant (S) fraction. The phosphor imager re-
sults showed that little  125 I-apoA-I remained in the super-
natant fraction after immunoprecipitation ( Fig. 8B ). These 
results suggest that most of the apoM that was secreted 
into the media was not associated with nascent pre �  HDL 
particles. 

 DISCUSSION 

 The goal of this study was to investigate the role of apoM 
expression on the initial steps of nascent pre �  HDL parti-
cle assembly by ABCA1 in the absence of other HDL-mod-
ifying proteins. To accomplish this, we investigated nascent 
HDL particle formation by transient transfection of apoM 

  Fig.   6.  Cellular apoM expression results in a shift of nascent HDL PL and cholesterol to larger-sized nascent HDL particles. ABCA1-
expressing cells were transfected with empty vector, apoM WT or apoM C-FLAG and radiolabeled overnight with either  3 H-choline chloride 
or  3 H-cholesterol, followed by incubation with 10 µg/ml of apoA-I for 24 h. Conditioned media were harvested, concentrated, and fraction-
ated by high resolution FPLC. Radiolabels in each fraction were determined by liquid scintillation counting. The dashed lines denote 
the elution ranges of pre � 1-5 HDL for ABCA1-expressing cells in the absence of apoM expression (i.e., empty vector transfected). A: 
 3 H-choline- PL elution profi le, and (B)  3 H-cholesterol elution profi le.   
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  Fig.   7.  Increase in nascent HDL particle size increases with apoM expression. ABCA1-expressing cells in 100 mm dishes were transiently 
transfected with varying amounts (0–20 µg) of apoM-C-FLAG expression vector and empty vector (total 20  � g DNA per dish) and then 
incubated with  125 I-apoA-I for 24 h. A: DNA dose-dependent apoM protein expression in ABCA1-expressing cells, determined by Western 
blot analysis with  � -actin as load control. B: Conditioned media from the apoM transfections were concentrated and fractionated by high 
resolution FPLC as in  Fig. 5 . C: Pre �  2 and 3 regions for each transfection in B were replotted with vertical expansion and displacement for 
comparison purposes. Arrows denote peak pre �  2 and 3 fractions for each transfection. D: Peak elution positions of pre � 2 and pre � 3 on 
size exclusion column (C; denoted by arrows) are plotted against apoM protein expression levels quantifi ed from Western blot analysis (A). 
The lines of best fi t were determined by curve fi tting using GraphPad Prism software.   
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this apoM-facilitated remodeling, there may be an accu-
mulation of abnormally large HDL in plasma, such as the 
HDL 1  particles described by Wolfrum, Poy, and Stoffel 
( 22 ). ApoM is a member of the lipocalin gene family, con-
tains a predicted hydrophobic pocket, and binds retinol 
and retinoic acid. Ahnstrom et al. ( 36 ) reported that apoM 
does not bind cholesterol, fatty acids, or prostaglandins, 
suggesting that apoM may not remodel HDL particles by 
directly transferring lipid. However, these studies were 
performed with mutant constructs of apoM that lacked the 
signal peptide, which may alter its function. Further stud-
ies will be necessary to determine the exact role of apoM 
in nascent HDL particle assembly. 

 The increase in pre �  HDL particle size with apoM ex-
pression may require a direct protein-protein or protein-
lipid interaction. However, immunoprecipitation of apoA-I 
followed by apoM Western blot analysis of isolated nascent 
pre �  HDL particles demonstrated that only a small frac-
tion (<3%) of the secreted apoM was associated with newly 
assembled apoA-I-containing nascent pre �  HDL particles 
( Fig. 8 ), suggesting that if extensive interaction occurs, it 
is transient or easily disrupted. Nonetheless, of the small 
interacting pool, there was an increase in apoM content as 
pre �  HDL particle size increased ( Fig. 8 ), which may indi-
cate a preference for apoM associating with more choles-
terol-enriched pre �  HDL particles ( 23 ). These results 
agree with a study reporting that, although apoM associ-
ates mainly with HDL particles in plasma, only 5% of HDL 
particles in human plasma contained apoM. Furthermore, 
plasma HDL containing apoM had increased free choles-
terol content compared with HDL particles with no apoM 
( 20 ). 

 It is likely that apoM functions to increase pre �  HDL 
particle size at an intracellular site. Consistent with this 
prediction, apoM is poorly secreted from HEK293 cells 
( Fig. 3 ) and is retained in intracellular compartments 
( Figs. 2 and 3 ), suggesting limited or no distribution of 
apoM on the plasma membrane of HEK293 cells. Using 
pulse-chase and immunoprecipitation procedures, we 
show that <20–25% of newly synthesized apoM was se-
creted from apoM-transfected HEK293 cells after 4 h ( Fig. 
3 ). In contrast, almost 90% of newly synthesized albumin 
was secreted after just a 1.5 h chase. ApoA-I, the major 
apolipoprotein on HDL particles, has a secretion effi ciency 
of 95% and 65% from hepatic and apoA-I-transfected non-
hepatic cell lines, respectively ( 37 ). These results suggest a 
possible explanation for the considerable difference in 
apoM (2–15 mg/dl) ( 38 ) and apoA-I (100–125 mg/dl) ( 5, 
39–42 ) concentration in human plasma. Low secretion 
effi ciency of apoM may be related to the retention of its 
N-terminal signal peptide in the mature protein, which is 
hydrophobic, and may target apoM for membrane associa-
tion, as suggested by Xu and Dahlback ( 19 ). In support of 
this prediction, we also observed that some apoM was resis-
tant to alkaline carbonate extraction ( Fig. 4 ), suggesting 
that a pool of apoM may have properties of an integral 
membrane protein, similar to the CD4-N-FLAG integral 
membrane protein control. Furthermore, incubation of 
apoM-conditioned media from control cells was not suffi -

plasma HDL particles. However, another recent study in 
which human apoM expression was increased in trans-
genic mice or eliminated in gene-targeted mice found that 
apoM expression had no effect on plasma pre �  HDL levels 
and HDL particle size and small effects ( � 10–20%) on 
plasma HDL concentrations ( 35 ). The reason for these 
discrepant results may be related to methodological differ-
ences and the possibility that deletion of hepatic nuclear 
factor 1 �  may exert additional effects besides elimination 
of apoM expression. 

 Our study is the fi rst to specifi cally address the role of 
apoM in the assembly of nascent HDL particles by ABCA1 
and demonstrates that apoM is not necessary for pre �  
HDL formation. However, we did observe that apoM ex-
pression facilitates the formation of larger pre �  HDL by 
ABCA1. Using HEK293 cells that do not express apoM 
( 23 ), we have isolated four distinct-sized subfractions of 
pre �  HDL assembled by ABCA1 in the presence of apoA-I. 
Transient transfection of both native and FLAG-tagged 
apoM cDNA results in a shift in the size distribution of 
pre �  HDL, with an increase in larger pre �  HDL particles 
due to increased incorporation of apoA-I, cholesterol, and 
PL from smaller pre �  HDL to larger pre �  particles ( Figs. 
5, 6 ). Whether apoM functions in the transfer of lipid from 
smaller to larger pre �  HDL particles or catalyzes the fu-
sion of smaller HDL particles to generate larger nascent 
HDL is not known. Several studies suggest that apoM may 
be involved in HDL particle remodeling ( 22, 35 ). For in-
stance, apoM may function to remodel HDL 2  particles in 
plasma, resulting in the formation of pre �  HDL. Incuba-
tion of plasma from apoM transgenic mice resulted in in-
creased pre �  HDL, perhaps secondary to increased 
expression of PL transfer protein ( 35 ). In the absence of 

  Fig.   8.  Analysis of apoM association with nascent pre �  HDL par-
ticles. Control and ABCA1-expressing cells were transfected with 
apoM-C-FLAG cDNA and incubated with  125 I-apoA-I for 24 h. Con-
ditioned media were concentrated and fractionated by high-resolu-
tion FPLC, and nascent pre � 1 to 4 HDL particles were isolated. 
Each pre �  HDL fraction (1 µg apoA-I) was subjected to TCA pre-
cipitation (i.e., total protein) or immunoprecipitation with goat 
anti-human apoA-I antibody. The pellet and supernatant fractions 
from immunoprecipitation and the TCA precipitated total protein 
were fractionated by 4–20% SDS-PAGE. Proteins on the gels were 
transferred to a nitrocellulose membrane and incubated with anti-
M2-FLAG antibody and anti-mouse horseradish-peroxidase-labeled 
IgG (1:10,000), followed by incubation with chemiluminescence 
reagent (A).  125 I-apoA-I on the blot was visualized using a phosphor 
imager (B). T, P, and S, total protein, pellet, and supernatant frac-
tions, respectively.   
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cient to facilitate the conversion of small pre �  HDL to 
larger pre �  HDL when added with apoA-I to ABCA1- 
expressing cells ( Fig. 5B ). These results, taken together, 
suggest that the apoM-mediated increase in pre �  HDL 
particle size occurred at an intracellular site. 

 HDL particle assembly occurs at the plasma membrane 
and in endosomal compartments of the cell, but the quan-
titative signifi cance of intracellular assembly of HDL in 
endosomes is unclear ( 43–47 ). A small percentage of 
apoA-I lipidation occurs within the secretory pathway of 
cells that secrete apoA-I, such as hepatocytes or hepatoma 
cell lines ( 48, 49 ). However, HEK-293 cells do not secrete 
apoA-I, so the only source of apoA-I available for HDL par-
ticle assembly in our experiments is that which is added to 
the medium. Based on our combined results, we hypothe-
size that apoM may facilitate lipid addition by ABCA1 dur-
ing intracellular nascent HDL particle formation and/or 
facilitate nascent HDL particle fusion as apoA-I recycles 
through the endosomal compartment, resulting in ap-
pearance of larger pre �  HDL particles in the medium. 

 Our previous work has shown that the initial interaction 
of apoA-I with ABCA1 in vitro predetermines the in vivo 
catabolism of pre �  HDL particles ( 50 ). In that study, we 
observed a signifi cant trend of increased liver and de-
creased kidney catabolism with increasing nascent pre �  
HDL particle size. In the context of RCT, any circumstance 
that increases the capacity of pre �  HDL to accept cellular 
cholesterol and/or direct catabolism of the pre �  HDL 
particle toward the liver should increase the effi ciency of 
RCT, since liver uptake and transport of cholesterol into 
the bile are distal steps in RCT. If our in vitro results can 
be extrapolated to pre �  HDL physiology in vivo, apoM 
may facilitate RCT by conversion of small pre �  HDL into 
larger pre �  HDL, resulting in a greater proportion of HDL 
that are ultimately taken up by the liver, resulting in more 
cholesterol transport into the terminal steps of RCT.  
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