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ABSTRACT: Human plasma high-density lipoproteins (HDL) are important vehicles in reverse cholesterol
transport, the cardioprotective mechanism by which peripheral tissue-cholesterol is transported to the
liver for disposal. HDL is the target of serum opacity factor (SOF), a substance produced byStreptococcus
pyogenesthat turns mammalian serum cloudy. Using a recombinant (r) SOF, we studied opacification
and its mechanism. rSOF catalyzes the partial disproportionation of HDL into a cholesteryl ester-rich
microemulsion (CERM) and a new HDL-like particle, neo HDL, with the concomitant release of lipid-
free (LF)-apo A-I. Opacification is unique; rSOF transfers apo E and nearly all neutral lipids of∼100,-
000 HDL particles into a single large CERM whose size increases with HDL-CE content (r ∼100-250
nm) leaving a neo HDL that is enriched in PL (41%) and protein (48%), especially apo A-II. rSOF is
potent; within 30 min at 37°C, 10 nM rSOF opacifies 4µM HDL. At respective low and high physiological
HDL concentrations, LF-apo A-I is monomeric and tetrameric. CERM formation and apo A-I release
have similar kinetics suggesting parallel or rapid sequential steps. According to the reaction products and
kinetics, rSOF is a heterodivalent fusogenic protein that uses a docking site to displace apo A-I and bind
to exposed CE surfaces on HDL; the resulting rSOF-HDL complex recruits additional HDL with its
binding-delipidation site and through multiple fusion steps forms a CERM. rSOF may be a clinically
useful and novel modality for improving reverse cholesterol transport. With apo E and a high CE content,
CERM could transfer large amounts of cholesterol to the liver for disposal via the LDL receptor; neo
HDL is likely a better acceptor of cellular cholesterol than HDL; LF-apo A-I could enhance efflux via the
ATP-binding casette transporter ABCA1.

High-density lipoproteins, the primary plasma vehicle for
reverse cholesterol transport (RCT1), occur in buoyant and
dense forms, HDL2 and HDL3, and comprise free cholesterol
(FC), cholesteryl esters (CE), phospholipids (PL), small
amounts of triglyceride (TG), and apolipoproteins (apos),
mainly apos A-I, A-II, C, and E (1-3). All HDL components
exchange by spontaneous (4) or protein-mediated mecha-
nisms (5, 6). HDL is an unstable particle residing in a kinetic
trap from which it can escape by chaotropic (7), detergent
(8), or thermal perturbation (7, 9). HDL instability is
subfraction-specific with the larger fractions including HDL2

being more stable than the smaller HDL3 (10). Release of

lipid-free (LF)-apo A-I in response to physicochemical
perturbations, which is a hallmark of HDL instability (7-
10), is important in two physiological contexts. First, the
initiating step in RCT, cellular cholesterol efflux, occurs
through the interaction of lipid-free (LF)-apo A-I with an
ATP-binding cassette (ABC)A1 transporter (11). Second, the
terminal step in RCT, selective removal of HDL-cholesteryl
ester via the hepatic HDL receptor scavenger receptor class
B, type I (SR-BI), excludes apo A-I (12, 13), a process that
occurs via a delipidation step for which the molecular
mechanism is not known.

Serum opacity factor (SOF) is a substance produced by
Streptococcus pyogenesthat turns mammalian serum opaque
(14). SOF is a virulence determinant expressed by ap-
proximately half of the clinical isolates ofS. pyogenes, a
human pathogen that causes a wide spectrum of diseases
ranging from pharyngitis to overwhelming invasive infections
with high rates of morbidity and mortality (15). The target
of opacification is HDL; other lipoproteins are not substan-
tively affected. rSOF opacifies HDL without breaking
covalent bonds and is neither a protease nor a lipase (16).
The products of SOF activity are buoyant lipid droplets that
are devoid of apos and a denser fraction that is rich in apos
A-I and A-II. SOF appears to interact with HDL-aposA-I
and A-II, thereby triggering the extrusion of HDL lipids,
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which coalesce into lipid droplets whose growth produces
opacification (16). Identification of the mechanism by which
any substance or process selectively delipidates HDL is of
interest because the accruing insights may help identify new
therapeutic modalities. Given its unusual activity and speci-
ficity against human plasma HDL, we have investigated the
nature of the rSOF reaction against HDL, the structures and
qualities of the products, and the mechanism by which they
form.

MATERIALS AND METHODS

Materials.1-Palmitoyl-2-oleoyl phosphatidylcholine (POPC)
was from Avanti Polar Lipids. HDL was isolated according
to its density by sequential flotation of human plasma
obtained from The Methodist Hospital Blood Donor Center.
The HDL subfractions were separated by SEC in which
increasing elution volume (EV) corresponds to decreasing
particle size. Fractions from multiple injections (0.5 mL)
were pooled and concentrated as needed by placing the
sample in a dialysis sack (12,000-14,000 MW exclusion)
and placing Sephedex G75 on the outside to remove water.
Alternatively, HDL (330 mg) was separated into 10 fractions
by ultracentrifugation in a density gradient between 1.11 and
1.17 g/mL created with KBr. Four fractions, HDL2 and
buoyant (B), intermediate (I), and dense (D) HDL3 with
respective densities ofe1.11, 1.13, 1.15 andg1.17 g/mL
were selected for testing with SOF. A polyhistidine-tagged,
truncated form ofsof2encoding amino acids 38-843 was
cloned and expressed inEscherichia coli(rSOF) and purified
by metal affinity chromatography as described previously
(16). The effect of SOF on HDL and the generation of large
CERM particles has been noted with both native and
recombinant poly histidine-tagged SOF, indicating that the
histidine tag did not alter the biological activity of SOF (data
not shown). Apolipoprotein compositions were determined
by SDS-PAGE using 15% Tris-Glycine Ready Gels (Bio-
Rad). Bands were visualized with Pierce GelCode Blue stain
reagent, destained, and recorded by photography. The apo
A-I and apo A-II contents of the HDL subfractions were
not remarkably different (data not shown).

Biological Labeling of HDL with [3H]CE. [3H]Cholesterol
(0.1 mCi) was dried under vacuum and redissolved in 100
µL of 95% ethanol. HDL (2 mL, 9.6 mg/mL) was combined
with the lecithin:cholesterol acyltransferase (LCAT) activity
from the clear zone obtained from the flotation of HDL (4-
mL), and the ethanolic solution was added dropwise while
stirring and incubated at 37°C with mild agitation. Conver-
sion of FC to CE was followed by removing 100µL at
various times, extracting into hexane, and measuring CE
formation by TLC. To remove unreacted free cholesterol,
the HDL was mixed with LDL (5 mL 5.8 mg/mL) and
incubated for 3 h at 37°C. At the end of the incubation, the
density was adjusted to 1.063 g/mL and the LDL floated
and removed. The labeled HDL was adjusted tod ) 1.21
g/mL by the addition of KBr and the [3H]CE-labeled HDL3
(0.8µCi/mg protein) isolated by flotation. According to liquid
scintillation counting of spots collected after thin layer
chromatography, 97% of the radioactivity eluted as CE. The
SEC profile of HDL absorbance at 280 nm and [3H]CE
radioactivity were nearly the same. [3H]HDL was separated
into six fractions by SEC and analyzed by SEC before and
after incubation with rSOF.

Analysis of rSOF ActiVity by SEC.Various amounts of
HDL and rSOF were combined at 37°C. At the end of each
incubation, an aliquot (0.2 mL) was analyzed by SEC using
an Amersham-Pharmacia A¨ KTA chromatography system
equipped with two Superose HR6 columns in tandem and
eluted with TBS at a flow rate of 0.45 mL/min. The column
effluent was monitored by absorbance (280 nm) and the
radioactivity of collected fractions. Stoke’s radii were
calculated from a calibration curve based on protein standards
of known Stoke’s radius (r). A Stoke’s volume (VS) was
calculated asVS ) 4/3πr3.

Composition of rSOF-HDL Products.HDL (0.5 and 21
mg/mL, respectively) were incubated for 24 h with rSOF (1
and 4µg/mL) at 37°C. For preparative chromatography in
which the effluent was collected for analysis, a 0.5 mL
sample loop was used; pooled fractions from multiple runs
were analyzed for protein using a commercial kit (BioRad
DC Protein Assay) and for cholesterol, cholesteryl ester,
triglyceride, and PC, using commercial kits (Wako Chemi-
cals, Inc. Richmond, VA). Apoprotein composition was
determined by SDS-PAGE using 4-15% gradient or 18%
Tris-Glycine Ready gels (BioRad). Bands were visualized
with Pierce GelCode Blue stain reagent, destained, and
recorded with the Kodak Electrophoresis Documentation and
Analysis System (EDAS 290).

Western Blots.SEC fractions were analyzed for apos and
SOF by Western blotting. Proteins were resolved on 15%
Tris-Glycine Ready Gels (BioRad) by SDS-PAGE and
transferred to nitrocellulose for immunoblotting. The Western
blotting method was essentially that of the Amersham ECL-
plus manual (Amersham GE Healthcare). Immunoblots were
conducted with HRP-conjugated goat anti-human apo A-II,
apo E, apo A-I, and apo B from Academy Biomedical
(Houston, TX). Titration of standard apos gave detection
limits of less than 0.1 ng for the three HDL apos A-I, A-II
and E. Both the anti-apo E and anti apo A-II detected the
apo A-II-E heterodimer. However, relative exposure times
indicated that the anti apo E antibody was about 150 times
more sensitive than was the anti-apo A-II antibody. Anti-
SOF was a rabbit antiserum to rSOF2∆Fn (16) and was
detected with an HRP-conjugated goat anti-rabbit IgG second
antibody (BioRad).

RESULTS

Compositions of the Products of rSOF and HDL.HDL
(0.5 mg/mL) elutes from a SEC column as a single peak
with an elution volume corresponding to a molecular volume
of ∼ 670 nm3. After incubation of HDL (0.5 mg/mL) and
rSOF (1µg/mL) for 24 h at 37°C, the initially clear HDL
solution was translucent. The products were separated by
SEC, and the collected fractions analyzed (Figure 1; Table
1). The fraction appearing in the void volume contained
∼60% of the total CE that eluted from the column, 4% of
the PL, and only∼1% of the protein. This fraction is rich in
neutral lipids (NL ∼73%), particularly CE (Table 1);
accordingly, we refer to the particles in this fraction as
cholesteryl ester-rich microemulsion (CERM). Another new
HDL-like particle eluting slightly later than HDL contained
87% of the PL applied to the column,∼60% of the protein,
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∼75% of the TG, and∼80% of the free cholesterol. Protein
and PL accounted for nearly 90% of its composition;
according to its composition and size (Table 1), we called
the particles in this fraction neo HDL; relative to HDL, neo
HDL is PL- and apo A-II-rich (Figure 1D and F; Table 1)

and one-third smaller (∼450 nm3). Calculation of the
stoichiometry of CE, TG, and PL in HDL and neo HDL
shows that the number of CE molecules per particle is
reduced by rSOF but that PL content is conserved (Table
1). Immunoblot analysis revealed the presence of apo E in
the leading edge of the neo HDL (Figure 1F). The last peak
to elute from the column was lipid-free and had an elution
volume identical to that of an authentic sample of apo A-I,
which has a measured Stoke’s volume of∼230 nm3 (Figure
1E); immunoblot analysis showed that this peak contained
apo A-I but no apo A-II (Figure 1F). Thus, this fraction is
lipid-free (LF)-apo A-I.

Similar studies at higher concentrations of HDL and rSOF
permitted the visualization of low abundance components
and revealed a change in the state of association of LF-apo
A-I. Incubation of rSOF (4µg/mL) with HDL (21 mg/mL;
24 h, 37°C) rendered the clear yellow HDL solution totally
opaque. Both CERM and neo HDL appeared in the SEC
and had compositions similar to those observed at low HDL
concentrations (Figure 2; Table 1). The CERM contained
∼80% of the total CE in the reaction products. The
corresponding values for the other components decreased in
the order TG (43%)> FC (38%) > PL (8%) > protein
(0.5%). The protein profiles obtained by chemical analysis
and quantitative immunoblot analysis of apos A-I and A-II
were nearly identical (Figure 2E) so that the SEC apo
distribution can be assigned with confidence. These showed
coelution of all apo A-II but not apo A-I with the neo HDL
(Figure 2F). Immunoblotting also revealed the occurrence
of apo E in the CERM and in the larger neo HDL particles
(Figure 2G). Apo E was also prominent on larger particles
that eluted later than the void volume (22-25 mL). We
speculated that these are intermediates destined to become
CERM. At these higher reactant concentrations, rSOF was
observed in the CERM and as a possible∼50 kDa fragment
in neo HDL; this was consistently observed and may be due
to proteolysis during the long (24 h) incubation. Finally, in
contrast to the monomeric LF-apo A-I found at low reactant
concentrations, at high concentrations, a shoulder and peak
eluting at∼26 and∼28 mL were practically lipid-free. These
particles were∼1800 and∼790 nm3, respectively; lipid and
immunoblot analysis showed the protein to be mostly lipid-
free apo A-I (Figure 2G boxed) with a trace of apo E that is
likely the overlapping edges of peaks for neo HDL and earlier
eluting species. On the basis of their respective elution
volumes, these particles are apo A-I octamers and tetramers.

Effect of rSOF Concentration.HDL (0.25 mg/mL) was
incubated with various concentrations of rSOF for 0.5 h at
37 °C. As the rSOF concentration was increased from 0.1
to 20µg/mL, the starting HDL SEC profile gradually shifted
to the smaller neo HDL with a simultaneous increase in the
magnitude of the peak for LF-apo A-I (Figure 3A). Over
the same rSOF concentration range, the peak elution volume
for the CERM shifted from the void volume (14.7 mL) at
0.1 µg/mL rSOF into the included volume as the rSOF
concentration was increased (Figure 3A and B); at 20µg/
mL rSOF, the absorbance peak for the CERM appeared at
15.1 mL. The SEC are reproducible; the elution volume of
the CERM from multiple injections (n ) 14) was 15.00(
0.0157 (SE). Thus, the sizes of the particles that comprise
the CERM decrease with increasing rSOF concentration.
Consistent with the production of smaller particles, the

FIGURE 1: Redistribution of 0.5 mg/mL HDL components by rSOF
according to SEC. Human HDL (0.5 mg/mL) was incubated with
rSOF (1µg/mL) at 37°C for 24 h. The absorbance profile for HDL
is shown as the filled curve in A. The products were separated by
SEC and the collected fractions analyzed for cholesteryl ester (CE),
triglyceride (TG), free cholesterol (FC), and phospholipid (PL) (A-
D, respectively); E, absorbance (280 nm) of the column effluent
(filled curve) and total protein according to direct analysis of
collected fractions (b). F: Immunoblot analysis of collected
fractions as labeled. Rx: Aliquot of reaction mixture. Std: 10 ng
of rSOF and Kaleidoscope molecular weight standards (BioRad).

12970 Biochemistry, Vol. 46, No. 45, 2007 Gillard et al.



absorbance due to opacification decreased as the rSOF
concentration was raised from 0.3 to 20µg/mL (Figure 3B).

Effect of HDL Concentration on the Opacification Reac-
tion. The effect of HDL concentration on opacification by
rSOF was also assessed. At low concentrations, HDL eluted
as a single broad peak (Figure 4A) that was replaced by
CERM, neo HDL, and LF-apo A-I after incubation with
rSOF at 37°C for 3 or 22 h. Between 1 and 10 mg/mL
HDL, the magnitude of the peak for the CERM grew, while
a new peak appeared, first as a shoulder at 2 mg/mL HDL
and then at higher concentrations as a prominent peak at
∼28 mL (marked by asterisks in Figure 4B-E); the
magnitudes of this peak, identified as LF-apo A-I oligomers
(Figure 2), and the peak in the void volume were higher
after 22 h. Thus, rSOF converts HDL to CERM and apo
A-I oligomers in a concentration- and time-dependent way.

Speciation of rSOF ActiVity. Analysis of the effects of
rSOF on HDL subfractions separated according to size
showed major differences in the SEC profiles, particularly
the amount of material in the void volume (Figure 5). As
expected, chemical analysis of the fractions showed that the
NL content of the HDL subfractions increased with increas-
ing particle size (Table 2). The amount of material eluting
in the void volume, based on integrated absorbance, increased
with increasing particle size (Figure 5B-F) and was highly
correlated with the sum of the NL (CE+ TG) content of
the starting HDL particles (Figure 5G;r2 ) 0.82). Incubation
of rSOF with all HDL subfractions gave rise to a neo HDL
with essentially the same particle size. Similar effects were
observed with HDL isolated according to density with the
SEC profiles of the larger HDL2 after incubation with rSOF
being similar to that of the largest HDL fraction isolated by
SEC and the corresponding HDL3 profile being similar to
those of the smaller SEC HDL fractions (data not shown).

[3H]CE-labeled HDL was used to follow the redistribution
of HDL-CE into CERM and neo HDL. [3H]CE-labeled HDL
separated into six fractions by SEC (data not shown), which
were analyzed by SEC before and after incubation with rSOF.
According to the SEC absorbance profiles, rSOF converted
all subfractions into CERM, LF-apo A-I, and neo HDL, and
with decreasing HDL size, the fraction of HDL-protein
converted to neo HDL increased, while the amount of LF-
apo A-I formed was constant (Figure 6 B). The isosbestic
point at∼31 mL is suggestive of a simple two-state system,
HDL and neo HDL, with the amount of LF-apo A-I, the a
third component formed, being constant across all fractions.

The absorbance and HDL-[3H]CE profiles of each starting
subfraction were nearly co-incident (Figure 6A and C). The
product profile as assessed by HDL-[3H]CE radioactivity was
similar to that for absorbance except for the absence of the
peak for LF-apo A-I (Figure 6B and D). Despite the profound
shift in the HDL-[3H]CE profile of neo HDL with decreasing
HDL size (Figure 6D, compare black and red curves), the
fraction of [3H]CE in neo HDL declined with decreasing size.
Also, the fraction of [3H]CE in neo HDL decreases with
decreasing size of the HDL from which it is derived (Figure
6D, insert). These data corroborate the compositional data
(Figures 1 and 2) on the distribution of HDL-CE and show
that our labeling method gives a product for which the
distribution of [3H]CE is similar to that of chemically
determined CE. Moreover, these data show that rSOF
releases the same amount of LF-apo A-I from all HDL
subfractions but that the smaller more protein-rich subfrac-
tions that contain less PL form neo HDL that have less CE.

Kinetics of HDL Opacification.rSOF was incubated with
HDL-[3H]CE and the redistribution of absorbance and [3H]-
CE was followed with time by SEC. Before incubation, SEC
analysis showed the coelution of protein absorbance and
radiolabel (Figure 7A and B, black curves). Following the
addition of rSOF to HDL, the magnitude of the peak
absorbances for CERM, neo HDL, and LF-apo A-I rose,
while that for HDL fell. Although not apparent in the
absorbance profile, with a 10-fold amplification, the radio-
label analysis reveals the early appearance of CE in fractions
between the CERM and the neo HDL that level off att >
85 min (Figure 7B insert). On the basis of the rate of increase
in the peak for LF-apo A-I, a first-order rate constant was
calculated askAI ) (2.1( 0.006)× 10-2 min-1 (r2 > 0.96).
The rate constant for the formation of CERM, calculated
from the rate of transfer of HDL-associated [3H]CE to CERM
waskCERM ) (3.2 ( 0.008)× 10-2 (r2 > 0.99). Additional
rSOF (1 µg/mL) and incubation for another 7 h did not
change the final elution profile. Given thatkAI ≈ kCERM,
CERM formation and release of LF-apo A-I are either
concerted processes or occur in rapid succession. As
expected, the reaction rates increase with temperature and
yield linear Arrhenius plots between 25 and 42°C (data not
shown).

rSOF Does Not Displace Apo A-I from Superphospho-
lipidated (SPLd) HDL.Given that PL are the essential apo-
associating components of HDL, we tested whether increased
HDL-PL would stabilize HDL against rSOF. Using a

Table 1: Compositions of Products Formed from rSOF at High and Low HDL Concentrationsa

low concentration of HDL (0.5 mg/mL)

analytes (% composition) (NL/particle)/(PL/particle)

fraction PL FC CE TG protein CE/PL TG/PL
NL/PL
(M/M)

HDL 26.2 2.5 19.8 4.2 47.3 38/44) 0.86 6/44) 0.14 1.00
CERM 19.5 3.1 65.8 7.9 3.7 3.9 0.34 4.24
neo HDL 40.8 2.1 2.9 6.6 48.0 4/44) 0.09 6/44) 0.14 0.23

high concentration HDL (21 mg/mL)

HDL 24.4 3.0 17.3 4.4 51.0 33/41) 0.80 6/41) 0.15 1.05
CERM 12.4 5.2 58.0 21.9 2.5 5.4 1.5 6.9
(apo A-I)n 4.3 0.6 1.8 1.8 91.4 n. d. n. d. n. d.
neo HDL 32.6 1.8 2.2 4.8 58.5 3/35) 0.08 4/35) 0.11 0.20

a Assumes that CE) 650 Da, TG) 885 Da, PL) 750 Da, HDL) 125 kDa, and neo HDL) 80 kDa. NL) CE + TG; n. d., not determined.
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modified detergent dilution method (8), the PL content of
HDL was increased by the addition of POPC. Relative to
control HDL-PL) 100, the PL contents of the SPLd species
were 100( 0.2, 152( 0.05, 245( 0.06, and 393( 0.01.
According to SEC analysis, SPLd HDL were slightly larger
than HDL; this was confirmed by nondenaturing gradient
gel electrophoresis, which showed a shift in HDL particle

mass from ∼150 to ∼350 kDa (data not shown). As
expected, incubation of HDL (0.8 mg/mL) with rSOF (1µg/
mL) produced CERM, neo HDL, and LF-apo A-I (Figure
8). Similar incubations with SPLd containing 1.5-fold HDL-
PL reduced the amount of neo HDL formed and LF-Apo
A-I released (Figure 8B), and SPLd HDL containing more
than 1.5 fold HDL-PL formed even less neo HDL and
released no LF-apo A-I. Thus, the addition of PL partially
stabilizes HDL against CERM formation and especially the
release of LF-apo A-I (Figure 8A-C). The increase in the
void volume peak (Figure 8D) in the presence of 4-fold
HDL-PL is likely due to a small amount of CERM
superimposed on PL multilayers (17).

Apo A-I Self-Associates at Physiological Concentrations.
Apo A-I at various concentrations was analyzed by SEC (data
not shown). At 0.1 and 0.3 mg/mL, apo A-I elutes as a single
peak (EV ∼34 mL; Stoke’s volume) 230 nm3). As the
concentration increased to 5 mg/mL, theEV shifted to∼29.5
mL (Stoke’s volume) 864 nm3), which corresponds to
tetrameric apo A-I. In each case, the injected 0.2 mL was
diluted to at least 2 mL by the chromatography so that the
concentration at which apo A-I self-association occurs is 10%
of that injected, that is,>0.03 mg/mL. Thus, apo A-I forms
higher order oligomers in a concentration-dependent way and

FIGURE 2: Redistribution of 21 mg/mL HDL components by rSOF
according to SEC. Whole human HDL (21 mg/mL) was incubated
with rSOF (4µg/mL) at 37°C for 24 h. See Figure 1A-D for
details. E: Total protein according to direct analysis (O) and relative
protein content according to quantitative densitometric immunob-
lotting of SDS-PAGE (b, gray fill). F: Apo A-I (O) and apo A-II
(b, gray fill) according to immunoblot densitometry. G: Immu-
noblot analysis of collected fractions as labeled. The relative
amounts loaded per lane were 20µL (fraction 15), 10µL (fractions
22-25 and 34-36), and 3µL (fractions 26-33).

FIGURE 3: Effect of rSOF concentration. A: HDL (0.25 mg/mL)
was incubated with various concentrations of rSOF for 0.5 h at
37 °C, quenched by immersion in ice for∼10 min, and analyzed
by SEC. HDL profile in the absence of rSOF (s). rSOF concentra-
tions are indicated with the profile at the highest concentration (20
µg/mL) shown by a red line. The dashed vertical line denotes the
void volume. The red arrows indicate the direction of the shift in
the SEC profiles with increasing rSOF. B: CERM turbidity (O;
splined, smoothed curve) and peak elution volume (b; hyperbolic
3-parameter fit) as a function of rSOF concentration.
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is monomeric only at injected apo A-I concentrationse0.3
mg/mL, which corresponds to an eluted concentration of
e0.03 mg/mL.

DISCUSSION

Opacification Reaction.rSOF selectively delipidates HDL
via a limited HDL disproportionation, that is, partial segrega-
tion of HDL lipids and proteins to form three major products,
CERM, neo HDL, and LF-apo A-I. At reaction completion,
neo HDL contain most of the PL and protein, with the
remainder of the protein occurring as LF-apo A-I. On the
basis of changes in composition, each neo HDL is derived
from a single HDL, which is 19.8% CE and 47.3% protein
(Table 1). According to the tabular data that was used to
create Figure 1A and E, rSOF transfers 90% of the HDL-
CE to the CERM and converts 40% of the protein to LF-
apo A-I, thereby reducing the particle volume by (0.9×
19.8%≈ 18) + (0.4 × 47.3%≈ 19%) ) 37%, leaving a
particle that has 63% of the mass of the starting HDL. This
value compares favorably with the ratios of the volumes of
neo HDL and HDL measured by SEC (100%× 450 nm3/
650 nm3 ) 69%) and is thus consistent with each neo HDL
being derived from a single HDL. This conclusion is
supported by stoichiometric considerations. According to its
mass (125 kDa) and composition, each HDL contains 38, 6,
and 44 CE, TG, and PL molecules, respectively, compared
to 80 kDa, 4, 6, and 44, respectively, for neo HDL (Table
1). Thus, the number of PL molecules per particle is

conserved during opacification (Table 1). NL give lipopro-
teins their spheroidal shape through phase separation into a
central core. Neo HDL contains only 4 and 6 CE and TG
per particle, respectively. Phase separation occurs when the

FIGURE 4: Effect of HDL concentration on rSOF activity. Various
concentrations of HDL in 1 mL were combined with 4µg of rSOF
and incubated at 37°C for 3 (s) and 22 h (red line) and analyzed
by SEC. Panels A-E are the SEC of HDL at 0.25, 1, 2, 5, and 10
mg/mL HDL-protein, respectively. The gray-filled curve in A is
the SEC profile for HDL without incubation with rSOF. The
absorbance due to light scattering in the void volume (peak elution
∼14 mL) is much greater than that of the protein absorbance in
the right-hand panel; thus, the absorbances in the left-hand panels
have been multiplied by the fractions as shown. Asterisks denote
the peaks for apo A-I oligomers.

FIGURE 5: Effects of rSOF on HDL subfractionated according to
size. A: Fractionation of HDL by SEC. B-F: SEC analysis of
HDL subfractions (1.2 mg/mL) from A before (s) and after (red
line) 24 h of incubation with rSOF (1.1µg/mL) at 37°C. Relative
to fraction 1 () 100%), the peak heights for the void volumes were
85, 85, 49, and 32% for fractions 2-5, respectively. G: Void
volume peak area (red filled) as a function of neutral lipid content
(CE + TG; Table 2) of the starting HDL subfractions.

Table 2: Composition of HDL and Its Subfractions Separated by
Sizea

%PL %FC %CE %TG %protein

total
HDL

24.4( 1.2 2.95( 0.26 17.3( 1.0 4.42( 0.31 51.0( 5.5

1 29.8( 1.0 2.63( 0.08 21.2( 1.1 3.70( 0.26 42.7( 2.7
2 26.8( 4.2 2.39( 0.11 19.3( 0.9 3.28( 0.14 48.2( 2.2
3 28.9( 0.7 2.12( 0.21 19.0( 0.3 3.04( 0.08 46.9( 0.6
4 27.0( 1.2 1.92( 0.15 16.8( 0.5 2.65( 0.10 51.7( 2.7
5 25.8( 1.1 1.81( 0.09 17.4( 1.3 2.73( 0.09 52.3( 2.1

a The HDL subfractions correspond to fractions 1-5 of Figure 5.
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CE and TG content exceeds 3 mol % of PL (18). For neo
HDL, this corresponds to 1 molecule of each leaving 3 CE
and 5 TG molecules, respectively, per neo HDL particle.
Theoretically, this would be high enough to produce segre-
gation into a lipid lens but would not give rise to a prominent
core so that neo HDL is likely discoidal.

The CERM are spherical particles with sizes (r ≈ 250
nm) and NL composition (∼80%; Table 1) comparable to
those of chylomicrons, the largest plasma lipoproteins (1).
Unlike chylomicrons, CERM is CE-rich, making it the largest
known CE-containing lipoprotein formed by a physiological
reaction. In contrast to neo HDL, which are derived from a
single HDL particle, many HDL contribute CE to CERM;
these large particles (r ) 150-250 nm) have calculated
volumes V ∼(1 - 60) × 107 nm3 so that each CERM
contains the CE equivalent of>100,000 HDL particles!
Intact rSOF is only found in the CERM (Figure 2G). In

contrast, an immunoreactive band with a mass of 50 kDa
may be a fragment formed by an HDL-associated protease.

Thermodynamics of Opacification.The thermodynamics
of the rSOF-mediated delipidation of HDL can be rational-
ized in the context of the principle-of-opposing-forces model
of Tanford (19). In the absence of amphiphiles, NL in water
form a single phase that is stabilized by hydrophobic forces.
In the presence of amphiphiles, such as PL and to a lesser
extent apos, a second force comes into play, that is, the
tendency of amphiphilic components to associate in ways
that bury their hydrophobic surfaces but leave their polar or
charged moieties available for high energy solvation by
water. For PL, the hydrophobic surface is defined by their
acyl chains, and the solvation site is their zwitterionic
headgroups; for apos, the hydrophobic surface is the nonpolar
face of their amphipathic helices, and the polar sites are on

FIGURE 6: Effect of rSOF on SEC profiles of [3H]CE-labeled HDL
subfractions. HDL (0.5 mg/mL) and rSOF (1µg/mL) were
incubated at 37°C for 3 h and analyzed by SEC. Elution profiles
are shown for absorbance at 280 nm (A and B) and radioactivity
(C and D). A, C) SEC profiles of HDL subfractions isolated by
SEC. (B and D) SEC analysis of HDL after incubation with rSOF.
In each panel, the largest and smallest HDL subfraction appear as
black and red curves, respectively. Red arrows point in the direction
of decreasing size. Peaks for neo HDL and LF-apo A-I are as
indicated by black arrows. (D, insert) %[3H]CE in neo HDL with
decreasing size of the starting HDL (5 is the smallest). Line of
regression includes all data (r2 > 0.98).

FIGURE 7: Kinetics of rSOF-catalyzed HDL opacification. HDL-
[3H]CE (0.5 mg/mL) was incubated with rSOF (1µg/mL) at 37°C
for various times as labeled, cooled with wet ice, and analyzed by
SEC in which the effluent was monitored by absorbance at 280
nm (A) and by the radioactivity (B) of the collected fractions; curves
for 0 and 180 min are black and red, respectively. The red arrows
indicate the shift in the adjacent profiles with time) 0, 15, 35, 55,
85, 180 min. A, absorbance; B, radioactivity; insert, the radioactivity
multiplied by 10. C, kinetics of the appearance of LF-apo A-I
calculated as twice the percent of total protein absorbance in the
double shaded portion in A (O); kinetics of the disappearance of
HDL calculated from the total protein absorbance minus absorbance
due to LF-apo A-I (9); kinetics of the disappearance of HDL-
associated [3H]CE (b). On the basis of the disappearance of HDL-
[3H]CE and protein absorbance, respectively,kCERM ) (3.2( 0.008)
× 10-2 (r2 > 0.99), andkAI ) (2.1 ( 0.006)× 10-2 min-1 (r2 >
0.96).
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the opposing helical surfaces that contain polar and charged
amino acid residues. The balance of these two forces,
determined by the physical properties of the reactant
components, their relative abundance, and the attendant
mechanisms, which may follow different reaction coordi-
nates, determines the product profile, which lies somewhere
between total phase separation and total homogeneity.

Given that opacification is spontaneous, the free energy
of the reactants must be higher than those of the products,
which must be stabilized by more favorable intermolecular
forces. rSOF transfers most of the lipid components of HDL
to the CERM, leaving the balance of the lipid components
with neo HDL. The exception, LF-apo A-I, is notable because
it is the least lipophilic of all the components of HDL so
that in the competition for the limited amount of PL in
CERM and neo HDL, some apo A-I is excluded from both
macromolecular species. Thus, one of the effects of rSOF is
to remove low affinity apo A-I from HDL while leaving the
higher affinity apo A-II, an effect that is emulated by
chaotropic perturbation (10). However, in the presence of
adequate phospholipid, HDL-apo A-I is stabilized, and apo

A-I is not released (Figure 8). Thus, phospholipid is essential
to HDL stability, and physiological activities that consume
or transfer phospholipid, LCAT, hepatic lipase, cholesteryl
ester transfer protein, and phospholipid transfer protein,
would destabilize HDL-apo A-I (20-24). The greater lability
of apo A-I can also be inferred from human studies showing
that the fractional catabolic rate of apo A-I in normolipidemic
and hypoR-lipoproteinemic patients is greater than that of
apo A-II (25), presumably through greater renal loss of LF-
apo A-I (13).

The rSOF-mediated redistribution of apo E and rSOF is
distinct from those of apos A-I and A-II. At low HDL
concentration, apo E-apo A-II heterodimers are associated
with the large HDL subfractions, one of which contains only
a trace of dimeric apo A-II but no apo A-I (Figure 1F,
fraction 31). Higher reactant concentrations reveal apo E as
monomers, homodimers, and heterodimers with apo A-II
(Figure 2G). Relative to the small neo HDL, which is rich
in homo and heterodimers, in large neo HDL (fractions 22-
26) apo E monomers and heterodimers predominate. Al-
though chemical analyses showed little or no lipid in fractions
22-26 (Figure 2), reaction of rSOF with HDL labeled with
[3H]CE (Figure 7B, insert), shows increasing CE in this
elution range at longer incubation times. Thus, like apo A-II,
apo E is always observed as a lipidated species. Within the
CERM fraction, monomeric apo E predominates.

Apo A-I Self-Association.Although a well-known phe-
nomenon (25, 26), the relevance of apo A-I self-association
to a physiological context has never been established. We
show for the first time a reaction in which concentration-
dependent apo A-I self-association determines a product
profile under physiological conditions. Our data (Figures 2
and 4) show clear evidence of apo A-I oligomerization within
the typical human plasma HDL protein concentration range
of ∼1.5-2 mg/mL (1). Moreover, the oligomeric state
corresponds to the apo A-I tetramers that have been identified
by hydrodynamic methods (26).

Speciated HDL Opacification.Our data showed that the
neo HDL formed from the smaller HDL species are smaller
than those formed from the largest HDL (Figure 5 B-F)
and that CERM formation is a linear function of HDL-NL
content (Figure 5G). Interestingly, the amount of LF-apo A-I
is constant across a range of HDL sizes, whereas the amount
of neo HDL formed increases with decreasing size of the
starting HDL (Figure 6B). These data are consistent with
the formation of one neo HDL of fixed composition from
each HDL particle. At constant HDL-protein concentration,
there are fewer large particles; therefore, fewer neo HDL
form for the same amount of LF-apo A-I. Although rSOF
transfers most of the CE to CERM, a small amount appears
in neo HDL (Figure 6D). This reflects the sparing solubility
of CE in PL (18) and the PL-rich nature of neo HDL.
Consistent with this, the percentage of CE in neo HDL
decreases with decreasing size and PL content (Table 2) of
the HDL from which it was derived. Moreover, the higher
amount of TG than CE in neo HDL reflects its higher
solubility in PL (18). Thus, rSOF removes CE from the HDL
core but leaves a small fraction that is solubilized by the
PL.

A Mechanistic Model for Opacification.rSOF is catalytic;
without being consumed, 1µg/mL (∼10 nM) rSOF opacifies
1000 molar excess of HDL (1 mg/mL) 10 µM) and in the

FIGURE 8: Effect of superphospholipidation on HDL opacification
by rSOF. Sodium cholate and POPC were combined in TBS to
give final concentrations of 52.6 and 26.3 mM, respectively.
Different amounts of cholate/POPC solution were added to HDL
(1.3 mg/mL) with rapid stirring. The final concentration in the
mixture did not exceed the critical micelle concentration of sodium
cholate (∼15 mM). The SPLd HDL (1 mg/mL) were exhaustively
dialyzed against TBS and reacted with rSOF (1µg/mL). The SEC
profiles are before (gray filled curve) and after (red line) incubation
with rSOF. A, control HDL; B-D, SPLd HDL containing increas-
ing amounts of PL as lableled. The vertical lines locate neo HDL
and LF-apo A-I.
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process transfers a>40,000 molar excess of CE to CERM.
Thus, any mechanistic model would have to account for a
highly efficient process in which rSOF catalyzes the opaci-
fication of 400 to>3000 molar excess of HDL (Figures 1
and 2) and for kinetics that are exponential with respect to
CERM growth and LF-A-I release.

We considered two mechanistic models. In the first, which
is similar to the carrier mechanism for lipid transfer by CE-
transfer protein (27), rSOF transfers one or more CE particles
from one HDL to another that eventually grows to a CERM
through successive transfer cycles. This mechanism was
rejected for several reasons. Its efficiency would be reduced
by reversibility; only a limited number of CE could be carried
per cycle; this mechanism would require distinct binding
determinants on rSOF that would direct rSOF to HDL and
the rSOF-CE complex to the growing CERM; in the absence
of those determinants that define specificity, rSOF would
collide much less frequently with CERM particles than with
HDL particles whose numbers exceed those of the growing
CERM particle by a factor of∼100,000; the isosbestic point
in the SEC kinetic analysis suggests a simple two-state
system; and finally, this model would not account for
exclusive association of rSOF with CERM (Figure 2G).

Our alternative mechanistic model is that rSOF is a
heterodivalent fusogenic protein that binds to exposed CE
surfaces that are formed by the desorption of apo A-I and
recruits additional HDL-CE in multiple steps (Figure 9). Step
1: rSOF binds to an HDL particle with its high affinity
docking site (HDS) and displaces apo A-I, thereby forming
the HDL host-rSOF complex that is destined to become a
CERM. This could occur through rSOF insertion into the
surface monolayer of HDL, thereby raising the surface
pressure and displacing the most weakly associated compo-

nent, apo A-I, into the aqueous phase. Alternatively, spon-
taneous desorption of apo A-I into the aqueous phase could
free up transient hydrophobic CE patches on the surface of
HDL that are sites of rSOF-HDS insertion and docking. The
surface association of rSOF is supported by our data (Figure
3) and previous studies (16), showing that as the amount of
rSOF increases, the size of CERM decreases, thereby
providing a greater amount of total surface to accommodate
an increasing number of rSOF molecules. A second guest
HDL particle diffuses to the low affinity delipidation site
(DS) of rSOF. Step 2: a transient guest-host complex forms,
and a continuous stalk joins the neutral lipid cores of the
two HDL . Step 3: CE in the guest HDL particles transfers
to and coalesces with those of the host HDL, and the neo
HDL is extruded into the aqueous phase; this step, CE
partitioning into one compartment, would be expected to
provide some of the free energy that drives the reaction.
Although most alternative models would require divalancy,
that is, two HDL binding sites on rSOF, it is the irreversibility
of the reaction and CERM growth that requires heterodiva-
lency because in a homodivalent system, CE could flow from
guest to host or host to guest. Step 4 comprises multiple
cycles of host-guest interactions that ultimately form (Step
5) numerous neo HDL and CERM that contains rSOF and
apo E as the only detectable proteins. Notably, the immu-
noblotting data (Figure 2G) shows that the CE-containing
particles eluting between the mature CERM and HDL (Figure
7B) are more apo E-rich than the CERM. We speculate that
this is due to the much greater total surface area and attendant
higher surface content of PL, which mediates apo E binding.

This model is consistent with our kinetic data (Figure 7).
Under our kinetic conditions, HDL (125 kDa at 0.5 g/L;
[HDL] ) 4 × 10-6 M) and rSOF (100 kDa at∼1 mg/L;
[rSOF] ) 10-8 M) and the diffusion-controlled rate constant
kd ) 3 × 1011 M-1- min-1. The initial step is the diffusion-
controlled formation of the HDL-rSOF complex according
to the following equation:

This is followed by the multiple fusion reactions that form
the growing CERM as given by the following equation:

The concentration of the rSOF-HDL complex is equal to
that of rSOF so that

Given that first-order kinetics were observed and that HDL
is in great excess, eq 3 gives a pseudo first-order rate of∼1
× 10-2 min-1, which corresponds well with the observed
values ofkCERM ) (3.2 ( 0.008)× 10-2 andkAI ) (2.1 (
0.006)× 10-2 min-1.

According to our model, one would expect some remnant
apos A-I and A-II that resided in the host HDL to be found
in the mature CERM product. This was not observed for
two possible reasons. Given that one host HDL accom-
modates 100,000 guest HDL, the amount remaining in the
CERM may be below our detection limit. Alternatively, and
more likely, apo A-I and A-II have a low affinity for CERM

FIGURE 9: Mechanistic model for rSOF-mediated opacification of
HDL. Step 1: rSOF binds to HDL via its high affinity docking
site (HDS) and its delipidation site (DS) while displacing apo A-I
(red helix) from the HDL surface of both particles, thereby exposing
the underlying CE. Step 2: contact between the exposed CE of
tethered HDL particles forms a continuous CE stalk through which
CE in the guest HDL transfers to and coalesces with that of the
host HDL. Step 3: extrusion of the delipidated guest HDL produces
apo A-II-rich (purple helix) neo HDL, which desorbs from the pre-
CERM. Step 4: multiple cycles of HDL recruitment and delipi-
dation form a pre-CERM that in step 5 grows into the mature
CERM that contains surface-associated PL (not shown), apo E
(green helix), and mostly CE. The CERM is presented as a partial
structure of a very large particle, the surface of which appears flat
when depicted on the same scale as that of HDL.

HDL + rSOFf HDL-rSOF (1)

HDL-rSOF+ HDL f CERM (2)

rate) kd[rSOF-HDL][HDL] )

3 × 1011 M-1 - min-1 × 4 × 10-6 M × 10-8 M (3)
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and at some point in its growth desorb into the aqueous
phase. Although our model shows interaction of rSOF with
a surface CE patch as an important step in opacification,
the formation of LF-apo A-I determines specificity for HDL.
VLDL and LDL are not appreciably opacified by rSOF (16).
Whereas, VLDL is relatively low in CE, LDL has a high
CE content. However, neither contains apo A-I, the labile
component of HDL (7-9).

The desorption of apo A-I from HDL is a hallmark of its
instability as revealed by both physicochemical (7-10) and
physiological perturbants (20-24), some of which also
produce CERM (7, 10). However, not even chaotropic
perturbation with 6 M guanidinium chloride produces as
much of the CERM so that the rSOF reaction against HDL
is unusual if not unique and unprecedented for a water-
soluble protein. Two proteins have activities that share some
characteristics with rSOF. One is microsomal transfer protein
MTP-A, which catalyzes the coalescence of CE- and TG-
rich particles during hepatic VLDL assembly (28). Within
adipocytes, MTP-B, a splicing variant of the canonical MTP-
A, appears to catalyze the fusion of small TG-rich inclusions
into large ones (29). The other protein, SR-BI, is an HDL
receptor, which mediates net cellular internalization of HDL-
lipids, especially CE. Similar to rSOF, SR-BI selectively
removes CE from HDL at the cell surface while excluding
apo A-I from net uptake (12, 13).

Clinical ReleVance.One of the remaining plasma lipo-
protein risk factors for which current therapies are inadequate
is low HDL cholesterol and its attendant dysregulated RCT.
HDL opacification is a potential therapeutic modality for
improving RCT because it rapidly transfers HDL-CE to a
particle that contains apo E, a ligand for the hepatic LDL
receptor, which could remove large amounts of HDL-derived
CE. At the same time, neo HDL, which is CE-poor, is
available to initiate additional cycles of cellular cholesterol
efflux, esterification, opacification, and removal. SOF opaci-
fication could produce a potentially detrimental state: low
HDL-C. However, studies in mice in which SR-BI has been
ablated or overexpressed suggest that more efficient RCT
due to increased SR-BI expression is associated with low
HDL-C and reduced atherosclerosis (30-36). Although
considerable risk could be associated with injecting even
small amounts of rSOF, improvement of multiple steps in
RCT by rSOF in cellular and animal models of atheroscle-
rosis would provide a compelling rationale for developing
alternative therapeutically appropriate opacification methods.
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