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ABSTRACT. Oxygenated derivatives of cholesterol, oxysterols, have different physicochemical properties
and three-dimensional shapes. The kinetics of microsolubilization of dimyristoylphosphatidylcholine
(DMPC) multilamellar vesicles by apolipoprotein A-I (apoA-I1) to form discoidal high-density lipoproteins
(rHDL) was dramatically affected by oxysterol chemical structure. Under the experimental conditions of
varying oxysterol chemical structure, sterol concentration, and the lipid phase state of DMPC, the kinetics
varied over 3 orders of magnitude. Some oxysterols behaved similarly to cholesterol and increased the
rate of microsolubilization; however, they were not as effective as cholesterol. Other oxysterols greatly
inhibited this process. In general, there was no correlation of the rates with membrane fluidity as measured
by fluorescence polarization. The rate of DMPC microsolubilization by apoA-I is highly dependent upon
the presence of lattice defects in the membrane surface that occur due to imperfect packing of coexisting
lipid phases. The differential ability of various oxysterols to induce the formation of an ordered lipid
phase is the probable basis for their effects on the rates of DMPC microsolubilization. There was no
effect of oxysterol chemical structure on the structure of the equilibrium rHDL products; however, there
was a dramatic effect of sterol concentration on rHDL particle size. Different oxysterols regulate the
kinetics of apoA-I membrane association by altering structural microheterogeneity at the membrane surface.
However, once the kinetic barrier is overcome, the particle sizes of rHDL products formed are determined
solely by the amount of sterol presence.

Oxysterols are intermediates or end products of cholesterolacyl chains, which maximizes favorable van der Waals
synthetic and catabolic pathways, ) and constitute one interactions. The tighter the packing of a sterol, the more
of the major toxic lipid classes in atherosclerotic plaques strongly it promotes microdomain formation. The effective-
(3, 4). Oxysterols are derivatives of cholesterol that contain ness of a given sterol to form ordered lipid microdomains is
a second oxygen atom as a carbonyl, hydroxyl, or epoxide dependent upon the location and chemical nature of substitu-
group (, 2). Oxidative modifications of cholesterol generate tions on the sterol nucleus, which determine bulkiness,
sterols with different physicochemical properties (e.g., polarity, and membrane orientation, the number and location
hydrophobicity) and three-dimensional shapes. Cholesterolof double bonds which determine planarity, and the bulkiness
has many effects on phospholipid bilayers. Cholesterol and length of the hydrophobic side chafi-(10). The many
increases bilayer thickness, decreases membrane permedifferent physiological oxysterols vary from cholesterol in
ability, modulates acyl chain motion, decreases interfacial at least one of these structural features. 7-Ketocholesterol
hydration, and forms & microdomains or lipid rafts. The  and 25-hydroxycholesterol are lipid-domain-promoting ste-
structural basis for the formation of Imicrodomains isthe  rols (5, 7, 9); however, other biologically active oxysterols
tight packing between cholesterol and lipids with saturated have not been systematically studied. Oxysterols are less
efficient at condensing or ordering fluid bilayers than cho-
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High-density lipoproteins are protective against the de- originally mixed in chloroform/methanol (2/1 v/v). For the
velopment of atherosclerosi2&—31). One mechanism for  fluorescence experiments, the fluorescent probe was added
the protective effects of HDL is reverse cholesterol transport. at this stage at a ratio of 1/250 mol/mol probe/phospholipid.
HDL transports excess cellular cholesterol from extrahepatic The organic solvent was evaporated under a stream of
tissues, e.g., macrophage foam cells in atherosclerotic lesionshitrogen, and the samples were dried overnight under vacuum
to the liver where it can be recycled or catabolized to bile in a lyophilizer. The dried lipids were dispersed in TBS
acids, which are excreted. The initial step in HDL formation buffer (100 mM NacCl, 10 mM Tris, 1 mM EDTA, 1 mM
is the lipidation of apoA-I by the ABCAL lipid transporter. NaNs, pH 7.4) by vortexing. To ensure complete hydration,
This step is important in the hepatic formation of nascent the lipids were subjected to at least three freghaw cycles
HDL and also in the removal of excess cholesterol from which consisted of warming the samples to &7, which
macrophage foam cells. The detailed mechanism by whichwas above the liquid-crystalline phase transition of DMPC,
the ABCAL1 transporter works is not known. However, one and freezing the samples a0 °C.
part of the mechanism appears to involve a microsolubili-  Fluorescence Measuremenfduorescence measurements
zation step whereby lipid-poor apoA-I simultaneously re- were performed on a Jobin Yvon Spex Fluorolog-3 FL3-22
moves phospholipid and cholesterol from cell surface lipid spectrofluorometer (Edison, NJ), which was equipped with

domains 28, 29, 32—34). We have reported a method that
helps to identify factors, protein structulf and membrane
biophysical propertiesl®, 20, 22, 23), that regulate apoli-

Glan-Thompson polarizing prisms and a sample heater/cooler
Peltier thermocouple drive. The fluorescence polarization of
DPH was used to measure the effect of sterol structure on

poprotein-membrane association. This method is based on the acyl chain motion and phase properties of phospholipid
apoA-I-induced microsolubilization of DMPC MLV, which  bilayers @9); excitation and emission wavelengths were 350
yields small discoidal rHDL that are similar to nascent HDL and 425 nm, respectively. The fluorescence polarizafn (
formed by the hepatic ABCAL transporter pathway. How- was calculated aB = (Iyy — Gl)/(lw + Gly), Wherel,,
ever, for apoA-l to form rHDL with phospholipids that andl,, represent the intensity of vertically and horizontally
possess longer or more unsaturated acyl chains requires @olarized fluorescent light, respectively, when the excitation
detergent solubilization method to overcome the kinetic light is vertically polarized. The correction fact@® =
barrier that prevents lipid/protein complex formation. ApoA-l I,/Iny was used to correct for the effect of the monochromator
spontaneously forms rHDL with DMPC, and the use of this on the measured polarized light, and I, represent the
well-characterized lipid allows a mechanistic comparison of intensity of vertically polarized and horizontally polarized
the kinetics of rHDL formation with the well-characterized light, respectively, when the excitation light is horizontally
phase properties of DMPC/cholesterol bilayers. 7-Ketocho- polarized. The fluorescence polarization, which includes a
lesterol is an oxysterol that inhibits apoA-I-mediated cho- correction for the grating factor, was measured and calculated
lesterol efflux from macrophage8%, 36). The proposed  using an automated feature and vendor software. For thermal
mechanism is the disruption of apoA-I binding to plasma melting studies, the temperature was increased ifC1
membrane lipid rafts. In this report, we describe the sterol- increments using the Peltier temperature controller, and the
specific regulation of the kinetics of microsolubilization of sample was equilibrated for 1 min, after which the polariza-
DMPC MLV by apoA-l, finding that oxysterol structure tion was recorded. The temperature profiles were fitted by a
determines the rate of microsolubilization in which certain sigmoidal regression analysis (Sigma Plot 8.0) to obtain a
oxysterols, e.g., 27-HO, are inhibitory. However, the resultant value for the midpoint temperatur&,) where a 50% change
discoidal rHDL is mainly a function of sterol concentration, in the fluorescence values occurs. The equation used was
independent of the oxysterol structure, and similar in size to p(T) = po + a/[1 + exp((T — Tw)/b)], wherep(T) was the
rHDL formed from apoA-I/cholesterol/DPPC mixtures using measured fluorescence value at a given temperatQirangd

a cholate removal metho®7) and to apoA-I-containing  po, a, b, and Ty were constants.

particles formed by ABCA133, 38). Kinetics of ApoA-I/DMPC MLV Microsolubilizatiohe
EXPERIMENTAL PROCEDURES microsolubilization of MLV of DMPC containing various

concentrations of cholesterol and oxysterols by apoA-l was
Materials.50-Epoxycholesterol (cholestane:®o-epoxy-

measured as the decrease of vesicle turbidity followed by
36-0l), 55-epoxycholesterol (cholestang;65-epoxy-3-ol), right-angle light scattering in a spectrofluoromete®-{23).
7B-hydroxycholesterol (5-cholesteng;33-diol), 20a-hy- Kinetic measurements were made by following the time-
droxycholesterol (5-cholesteng;20a-diol), 22(R)-hydroxy- dependent reduction in right-angle light scattering (325 nm)
cholesterol [5-cholestengg22(R)-diol], 24a-hydroxycho- due to the conversion of the large MLV (diametet0000
lesterol [5-cholesteneB324(9-diol], 25-hydroxycholesterol  A) that scatter light to small rHDL (diameter100 A) that
(5-cholestene{325-diol), and 27-hydroxycholesterol [5,25-

do not. The MLV were preincubated at the appropriate
(R)-cholestene43,26-diol] were from Steraloids, Inc. (New- temperature and mixed with apoA-I to a final concentration
port, RI). DMPC was from Avanti Polar Lipids, Inc.

of 0.5 mg of DMPC and 0.25 mg of apoA-I in a final volume
(Alabaster, AL). DPH was from Molecular Probes, Inc.

of 3 mL. The samples were continuously stirred to prevent
(Eugene, OR). High-purity cholesterol was from Calbiochem-

the settling of the vesicles. The data were analyzed to
Novabiochem (La Jolla, CA). ApoA-l was isolated from determine a kinetic half-timety(), which was the time
human plasma as previously describ@a)(

required for a 50% decrease in the right-angle light scattering.
Liposome PreparationThe model membranes consisted

Changes in right-angle light scattering do not directly
of DMPC with either cholesterol or one of the different correlate with the formation of rHDL because this measure-
oxysterols. To prepare MLV with specific lipid compositions, ment is predominately determined by the amount and size

the required amounts of phospholipid and sterol were of the multilamellar vesicles present. Thus it is difficult to
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FiGURe 1: Structures of the sterols investigated: cholesterab&- the DPH fluorescence polarization in DMPC MLV as a function
epoxycholesterol &-Epo), 33,68-epoxycholesterol (&Epo), 13- of temperature: (A) cholesteraDj, 5a-Epo (J), and $-Epo (»);
hydroxycholesterol (#-HO), 20u-hydroxycholesterol (2@-HO), (B) 78-HO (O), 200-HO (@), and 22R-HO 4); (C) 24a-HO (O),

22(R)-hydroxycholesterol (22R-HO), 24hydroxycholesterol (24 25-HO @), and 27-HO &); (A—C) no sterol @). Every other
HO), 25-hydroxycholesterol (25-HO), and 27-hydroxycholesterol temperature point is shown in the curves.
(27-HO).

Table 1: DPH Fluorescence Polarization Measurements in DMPC/
analyze the data as one type of process (i.e., single ex-Sterol MLV?

ponential) when the apparent rates vary so greatly. The  steroid Tw (°C) P (15°C) P (35°C)
reproducibility of the _measured half-times for multiple ™ one 24.3 0.3% 0012 0.12+ 0.003
samples of DMPC multilamellar vesicles have demonstrated cholesterol 26.8 0.33 0.010 0.17+ 0.006
that the values were withint15% of each other. The 5a-Epo 26.4 0.33 0.011 0.16+ 0.005
apparent rate of microsolubilization of DMPC MLV was  2-Epo 258 0330012 0.16+0.005
. . 78-HO 24.9 0.33+ 0.009 0.15+ 0.005
defined as rate= 1/ty». The rHDL reaction products were 200-HO 25.9 0.33+ 0.010 0.17+ 0.006
characterized by nondenaturing polyacrylamide gel electro- 22R-HO 24.1 0.35: 0.012 0.14+ 0.005
phoresis on 415% gradient gels (Bio-Rad Laboratories, 24(1-%0 225-‘(1) %-33&&(?60131 8-%ﬁ 8-88?
: ; 5-H 7. 3% 0.01 . .
Hercules, CA). High molecular weight standards of known 71O 571 0.32 0.012 0.20¢ 0.006

diameter were used to estimate the size of the rHDL. rHDL _ — .
were also analyzed by gel filtration chromatography using aTy is the temperature of the midpoint of the thermal transition,

: which corresponds to a 50% change in polarizatiBris the DPH
two Superose HR6 columns in tandem on a AKTA FPLC polarization at 15 and 3%C. Values forP are the average values and

(Amersham Biosciences). standard deviation for triplicate samples.

RESULTS . . .
similarly; below and abovely, respectively, acyl chain

Oxysterol Chemical Structurdmong the sterols chosen order was decreased and increased by the addition of these
for our studies (Figure 1), oxygen groups occur on both the sterols (Figure 2A,B; Table 1). These five sterols also
sterol nucleus and the isooctyl side chaifi-:HO, 50-Epo, modulated the phase transition in a similar way; compared
and $-Epo, which have oxygen moieties on the sterol to that of DMPC, the transitions were not as sharp, and
nucleus, are formed nonenzymatically and are oxysterolsthe changes in polarization with the thermal transition
found in oxidized LDL and in human atherosclerotic lesions (Table 1) were smaller. BeloWy, the effects of 22R-HO,
(1—4). 200-HO, 22R-HO, 24-HO, 25-HO, and 27-HO,  240-HO, 25-HO, and 27-HO on lipid order were smaller
which have oxygen moieties on the isooctyl side chain, are than for cholesterol (Figure 2B,C); aboVg, 22R-HO and
formed enzymatically. These sterols are involved in regulat- 240-HO induced a small increase in the fluorescence
ing cholesterol homeostasis, cholesterol catabolism, andpolarization, whereas 25-HO and 27-HO increased the
reverse cholesterol transport; 27-HO is the major oxysterol polarization to a greater extent than did cholesterol. The
in human atherosclerotic lesions. Natural variations in the different sterols modified th&y (midpoint temperature for
location of the oxygen moiety allow a straightforward study a 50% change in polarization) to different degrees where
of oxysterol structure/function relationships that should have 22R-HO was the only sterol which clearly lowered the
physiological relevance. temperature of the gel toglphase transition (Table 1).

Fluorescence Studies on Oxysterols in DMPC Bilayers. Kinetics of Microsolubilization of DMPC MLV by ApoA-
In DMPC MLV, the DPH fluorescence polarization decreases |. ApoA-l spontaneously associates with and solubilizes
sharply at the temperature for the transition from the gel to DMPC MLV forming rHDL with defined structures and
Lq phase Tm = 24 °C; Figure 2A). As revealed by the DPH  stoichiometries. The rate of microsolubilization t{%) is
fluorescence polarization, cholesterolg-Epo, 53-Epo, fastest afly where gel and L phases coexist and is enhanced
76-HO, and 2@-HO altered the order of DMPC MLV by the addition of up to 10 mol % cholesterd%-21). We
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Time (sec) DMPC is in a Ly phase, the rate of microsolubilization by

apoA-I was slower than &ty but increased with the addition
of 5 mol % cholesterol, & Epo, $3-Epo, B-HO, 20-HO,
240-HO, and 25-HO (Figure 3D; Table 2). Interestingly, 5
mol % 22R-HO and 27-HO greatly reduced the rate of
microsolubilization (Table 2).

To correlate phase behavior of sterol/DMPC mixtures with
lipid—apolipoprotein association, the temperature profiles for
the rates of microsolubilization were determined for DMPC
MLV containing various sterols. The maximum rate with
respect to temperature for cholesterol andx-#0O (and
5a-Epo and B-Epo; data not shown) was 2£, whereas

Ficure 3: Kinetics of the apoA-lI microsolubilization of DMPC
MLV containing cholesterol and different oxysterols (5 mol %):
(A, B) T=Ty (24.0°C); (C)T < Ty (22.0°C); (D) T > Tw (26.0
°C) of DMPC; (A) 75-HO (curve 1), no sterol (curve 2), and
cholesterol (curve 3); (B) 22R-HO (curve 1), 27-HO (curve 2),
25-HO (curve 3), and 24-HO (curve 4); (C) no sterol (curve 1),
27-HO (curve 2), 2¢-HO (curve 3), and 2@HO (curve 4); (D)
no sterol (curve 2), 27-HO (curve 1), &HO (curve 3), and
cholesterol (curve 4). At 22.6C, the kinetic trace for cholesterol
(data not shown) was essentially identical to that foa-200.

Table 2: Half-Timestg,,) for Microsolubilization of DMPC/Sterol

MLV by ApoA-| : ;
y 2P Sy S the maximum rate for sterol-free MLV was23.5°C (Fig-
12 (MIN), 172 (MIN), 12 (MIN), 12 (MIN), _ - - -
5mol%.  10mol%, 5mol% 5 mol%. ure 4A): For 7-OH, 22R-OH, 25 HO, and 27-HO (and
sterol T=24°C T=24°C T=22°C T=26°C 200-HO; data not shown) the maximum temperature was
lower (Figure 4B). The combined effects of sterol structure
none 5.0 93 70 h f mi lubilizati
cholesterol 0.85 0.56 4.3 7.4 and temperature on the rate of microsolubilization are
50-Epo 0.90 0.71 5.4 15 profound, covering a range of nearly 3 orders of magnitude,
5g-E%0 11 é-l ?4’1.1 326 with the fastest and slowest rates, respectively, observed at
78-H 7.7 1 7 5 9 — )
200-HO 40 6.6 a5 o8 5% ihglisterol afy (ty2 = 51 s) and 22R-HO abovéy
22R-HO 51 49 300 (tuz = 5 ). _
24a-HO 1.5 1.0 14 18 The membrane properties of DMPC MLV as assessed by
25-HO 7.3 8.0 22 51 DPH fluorescence polarization (Figure 2) were compared
27-HO 81 100 39 250 with the rates of apoA-I-mediated microsolubilization at 22

and 26°C (Table 2). BelowTly, where the addition of sterol
compared the effects of cholesterol with those of various converts DMPC from gel to the less orderegiihase, the
oxysterols on the kinetics of this process below (22), rate is constant at low polarization (i.e., morgahase lipids)
at (24.0°C), and above (26.0C) Ty. At Ty, the rate of but decreases at higher polarizations (i.e., lggshiase lipids)
microsolubilization was faster than those observed above and(Figure 5A). AboveTy, where the addition of sterol can
below Ty and was increased with the addition of 5 mol % convert a lg phase to a L.phase, there was no correlation
cholesterol, B-Epo, $-Epo, 2@&x-HO, and 24-HO but between bulk membrane properties and the rate of micro-
decreased with the addition of 5 mol 9%6-DH, 22R-HO, solubilization (Figure 5B). Addition of 5 mol % of the
25-HO, and 27-HO (Figure 3A,B; Table 2); the sterol- various sterols below and abovBy, respectively, was
induced increases and decreases were dose dependent (Taldssociated with rates that varied by factors of 20- and 40-
2). Below Ty, where DMPC is in the gel phase, the rates fold.
are slow but greatly enhanced by addition of 5 mol %  Characterization of rHDL Because sterol structure so
oxysterol (Figure 3C), decreasing in the order cholesterol dramatically affected the rate of rHDL formation, the reaction
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- Mol% Cholesterol
DMPC Chol 5c-Epo 5p-Epo 7p-HO

200-HO Ficure 7: Effect of cholesterol content on the size of the rHDL
Band 5 10 10 510 5 10 sTD formed by apoA-I microsolubilization of DMPC MLV. ApoA-I and
1o 0 DMPC MLV mixtures (1/2.5 w/w) containing (A) 0 mol %, (B) 5
! mol %, and (C) 10 mol % cholesterol were incubated at@4or
2ap 18 h and analyzed by Superose HR6 chromatography. Black bars
LY represent the range of fractions that were pooled for analysis by
4_)~; ] nondenaturing PAGE. (D) Nondenaturing PAGE. By comparison

with standards, the mean diameter of rHDL formed with no
added cholesterol was 99 A. rHDL formed from DMPC containing
5 mol % cholesterol had diameters of 99 A (panel B, pool 1) and
135 A (panel B, pool 2). rHDL formed from DMPC containing
10 mol % cholesterol had diameters of 96 A (panel C, pool 1),
124 A (panel C, pool 2), and 188 A (panel C, pool 3). Increasing
amounts of cholesterol increased the amounts of lipid-free apoA-I
(band 4).

DMPC 22R-HO 240-HO 25-HO 27-HO

Ficure 6: Nondenaturing PAGE (415% gradient) of rHDL
formed from the microsolubilization of DMPC MLV by apoA-I.
The apoA-1 and DMPC (1/2 wiw) were mixed and incubated at 24
°C for 18 h. The lanes are labeled according to the sterol and its
concentration. High molecular weight standards (STD) with
diameters of 72, 96, 104, 122, and 170 A were used to estimate

the mean diameters of rHDL in each band. Band 1, which was
found mainly containing 10 mol % sterol, had an apparent size of
~180 A. Band 2, which was a major component in mixtures
containing 5 mol % sterol, had an apparent size-a20 A. Band

3, the major component in sterol-free and 5 mol % sterol lipid
mixtures, had a size range 804—103 A, depending on the initial
lipid composition. The intensity of band 4, lipid-free apoA-I,
increased with mole percent sterol.

lipid composition; these could be separate but similarly sized
particles. Band 4 was lipid- free apoA-I ,and the intensity
of this band increased with the mole percent sterol in the
starting mixture.

The effects of sterol concentration on the size and com-
plexity of the rHDL particles were confirmed by Superose
6 HR size exclusion chromatography of the products formed

from DMPC and various amounts of cholesterol. In the
products were analyzed to determine if the structures of absence of added cholesterol, the rHDL was relatively
rHDL were also affected. When analyzed by nondenaturing homogeneous (Figure 7A). However, as the cholesterol
gradient gel electrophoresis, bands corresponding to distinctcontent was increased, the elution profiles (Figure 7B,C)
particle sizes were observed. Although there were no sterol-shifted to lower fraction numbers, which corresponded to
specific differences in the rHDL formed at both 5 and 10 larger particles. Specific column fractions were analyzed by
mol % sterol (Figure 6), there were obvious differences in nondenaturing PAGE (Figure 7D). In the absence of cho-
the effects of sterol concentration. Four protein staining bandslesterol, the rHDL had a mean diameter of 99 A. rHDL
were observed. Band 1, which was found mainly when the formed from DMPC containing 5 mol % had mean diameters
lipid mixtures contained 10 mol % sterol, had an apparent of 99 and 135 A. At 10 mol %, the rHDL formed had mean
size of~180 A. Band 2, which was a major product formed diameters of 96, 124, and 188 A. The amount of unassoci-
from lipid mixtures containing 5 mol % sterol, had an ated, i.e., lipid-free apoA-I, was also a function of the
apparent size 0120 A. Band 3, the major component in  cholesterol concentration (band 4). The rHDL particles are
sterol-free and 5 mol % sterol lipid mixtures, corresponded similar to those prepared from apoA-l/cholesterol/DPPC
to a size range 0£94—103 A, which depended on the initial ~ reaction mixtures using a cholate removal method with
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reported diameters of 97, 136, and 186 A and two, three, HO (~23 °C; Figure 2C) and lowest forfzHO, 20u-HO,

and four molecules of apoA-I per particld7).

DISCUSSION

and 22R-HO {21 °C; Figure 2B).

In phospholipid bilayers, cholesterol is oriented quasi-
perpendicular to the bilayer plane where th&8/droxyl
group is at the lipie-water interface and the isooctyl chain

Membrane surfaces can dgmonstrate con5|derablt_e Sma”'penetrates to the middle of the bilay86), The tight packing
scale structural heterogeneity due to the formation of f cholesterol with phospholipids with saturated acyl chains
membrane domains of difference sizes and with different js the hasis for the formation of a bhase and the formation
phase properties and domain boundary regions where therg,t membrane defects at the boundary that separates coexist-
is a structural mismatch between the different lipid phases jng jipid phases (e.g.,dand Ly phases). The effects obS

(40, 42). Studies with artificial membranes have shown that

Epo, $3-Epo, and 26.-HO on melting temperature and lipid

membrane lattice defects that occur at domain boundariesy,qer above and beloty, are similar to those of cholesterol,

are sites of high passive ion permeabili®2{46), in-
creased rates of phospholipid flip-floptd) and protein
insertion (19—24, 27), and increased activities of surface-
active enzymes such as phospholipa2&sZ6). The rate of
microsolubilization of DMPC MLV by apoA-I is also highly

which suggest similar orientations in a bilayer. Although the
addition of a second hydroxyl group does not introduce a
large change in the shape of cholesterol, the potential for
hydration by interfacial water could affect sterol orientation
in the bilayer, thereby introducing a change in bilayer

dependent upon membrane surface properties and is fasteiroperties that is disproportionately large compared to the
at the gel to s phase transition temperature, where molecules gmg|| change in covalent structure. Several physicochemical

of apoA-I insert into defects in DMPC bilayerd 9—23).

studies 11, 12, 14, 16) indicate that 22R-HO, 25-HO, and

The inverse correlation between apolipoprotein molecular 27.Ho may have orientations within phospholipid bilayers
weight and the insertion rate indicates that defect size is anynich differ from cholesterol. In monolayer studies at low

important determinant of this procegl). According to this

surface pressure, all three lie with their sterol nucleus parallel

forming a L, phase, which in turn forms more phase

hydrated. At higher surface pressures, 25-HO and 27-HO

insertion @0). At a critical protein to lipid ratio at the bilayer
surface, the bilayer is destabilized and portions “bud off”,
as rHDL @4). In this report, we investigate how the chemical

hydroxyl group but not the/8hydroxyl group is at the air
water interface 14). Small-angle X-ray diffraction studies
in oriented POPC bilayers indicated that 25-HO does not

structure of physiologi_ca! oxysterols affects bilayer strupture, intercalate into the membrane hydrocarbon core and was
the membrane association of apoA-I, and the formation of primarily associated with the hydrated surface of the bilayer

rHDL. One oxysterol, 7-ketocholesterol, inhibits apoA-I-

(16). Thus, the differential effects of oxysterols on membrane

mediated cholesterol efflux from macrophages, possibly by properties are expected to arise from how strongly the second
its effect on membrane properties; however, the precise oxygen moiety can be located at the lipidvater interface

mechanism is not knowr3, 36). Oxysterols also inhibit

to orient the oxysterol in the bilayer to perturb DMPC

macrophage cholesterol efflux to HDL acceptors through a packing.

possible effect on the plasma membra#& 49). Our studies

Kinetics of DMPC Microsolubilization by ApoA-1 Are

in model memprane systems should have direct applicabilit_y Oxysterol SpecificThe addition of oxysterols to DMPC
to understanding the effect of plasma membrane domainp, v/ dramatically affected the rate of apoA-l-mediated

structure on the pathways involving cellular cholesterol
efflux.

Effect of Oxysterols on DMPC Phase Betlm. DPH
fluorescence polarization identifies the well-known thermal

microsolubilization. Under the experimental conditions of
varying the temperature (between 20 and°23 and with
the addition of only 5 mol % sterol, the ratest{%) varied
over 3 orders of magnitude (Figure 4; Table 2). Cholesterol

transition from an ordered gel phase to a less ordered L was the best sterol at enhancing the rate and, based on our

phase (Figure 2). Like cholesterol, addition @f-&po, -
Epo, B-HO, and 2@-HO to DMPC modulates this transition

proposed mechanism, formed a maximal number (and/or
size) of membrane defects. Beldw, the reaction of apoA-I

and reduces the order of the gel phase and increases the ordevith a gel phase DMPC matrix was very slow; however, it

of the Ly phase. 22R-HO and 84HO reduce and increase
order below and abovgy, respectively, less than cholesterol.
25-HO and 27-HO have little effect on order beldw but
produce greater ordering than cholesterol abbyéFigure

2; Table 1). The thermal transition identified by the midpoint
of the change in DPH fluorescence polarization varied
according to the identity of the sterol. Whereas Thefor
DMPC was 24.3C, the effects of added oxysterol varied
from no change to an increase T to ~27 °C for 25-HO
and 27-HO. More importantly, however, in the context of
microsolubilization, the onset of melting did not follow the

was dramatically increased upon the addition of sterol to form
a coexisting L phase. All of the sterols enhanced the rate
over sterol-free MLV, and 7-OH, 200-HO, 22R-HO, 25-
HO, and 27-HO lowered the temperature at which the
maximal rate occurred (Figure 4). These oxysterols also
decreased the temperature for the onset of the thermal
transition for DMPC. There was a trend that the rate is related
to the amount of gel phase lipid converted toghase lipid
(Figure 5A). AboveTy, where the DMPC matrix was in the
Lq4 phase, the reaction was again very slow. However, the
addition of cholesterol to introduce a coexisting phhase

same pattern as the peak melting temperature. The onset oincreases the rateo®Epo, $-Epo, 73-HO, 20-HO, 24a-

melting for DMPC bilayers containing no sterol, cholesterol,
50-Epo, and B-Epo was similar £24 °C; Figure 2A), and
the onset was slightly lower for 24HO, 25-HO, and 27-

HO, and 25-HO enhanced the rate over sterol-free MLV but
were 2-6-fold slower than cholesterol. Surprisingly, the rates
for 22R-HO and 27-HO were-3 4-fold slower than for
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sterol-free MLV. Additionally, there was no correlation of

Massey and Pownall

cholesterol from one leaflet of the membrane bilayer to the

the rates with bulk membrane properties as measured by DPHother in an energy-dependent way. This creates an imbalance

polarization (Figure 5B). ATy, where there is a mixture of

in the phospholipid number between the two leaflets which

gel and lg phases, there was a dramatic increase in the ratewould increase the lateral pressure and induce positive

for the pure DMPC matrix, and the rate was increased when
cholesterol, B-Epo, $-HO, and 24-HO were added to
form a coexisting L phase. For these sterols the rate was

membrane curvature (membrane would bud out) in lipid
domains adjacent to ABCA156). Cells overexpressing
ABCAL1 have been demonstrated to have plasma membrane

also increased when the sterol concentration was increasedgbrotrusions, the cells resembling echinocytes, which form

to 10 mol % (Table 2). The other oxysterols were different

when there are excess lipids in the outer membrane hemileaf-

in that they had both slower rates and the rates decreasedet (57). ApoA-l and other apolipoproteins may bind to these
even more when the sterol concentration was increased. Inperturbed membrane domains. Our studies suggest that

general, &-Epo, $-Epo, and 24-HO demonstrated sim-
ilar behavior to cholesterol. At all temperatures, the rates
for 25-HO and 27-HO were dramatically lower than for
cholesterol and for 22R-HO and 27-HO were slower than
even sterol-free fluid MLV. The peculiar effects of these
lipids may be a function of the membrane location of the
hydroxyl groups, which if fully hydrated at the lipicvater
interface would place them at the interfacial region of the
bilayer where tight sterol/phospholipid packing, a require-
ment for domain formation, is minimized.

Sterol Concentration but Not Chemical Structure Deter-
mines rHDL SizeAlthough there were no sterol-specific
effects on the size of rHDL, sterol concentration was a
size determinant. rHDL with distinct diameters of-9403,
120-135, and 186188 A were formed with the larger
rHDL formed at higher sterol concentrations (Figures 6 and
7D). The sizes of these particles are remarkably similar to
those formed in other systems. rHDL formed from mixtures
of apoA-l/cholesterol/DPPC by the cholate dialysis removal
method 87) have diameters of 97, 136, and 186 A and two,
three, and four molecules of apoA-I per particle, respectively;
macrophage ABCA1-derived rHDL have diameters-@®0,
120, and 156160 A (33); rHDL formed by stably trans-
fected cells expressing ABCA1 have diameters-@f0, 140,
170, and 190 A 38). Our results demonstrate that sterol
chemical structure determines the microstructure of the
membrane surface which dramatically regulates the rate of
rHDL formation, but sterol concentration determines the size
of the particle formed. Thus, the formation of similar rHDL
by spontaneous association of apoA-I with lipids (this study)
and by the cholate removal method, which catalyzes this

ABCAL1 could induce a membrane environment (e.g., domain
formation) that overcomes the kinetic limitation of apoA-
|—membrane association. In our model membrane system,
there are dramatic sterol-specific effects on the rate of rHDL
formation with some sterols being catalytic while others are
inhibitory (Table 2). This is clearly important for DMPC
bilayers aboveTy, and possibly for the plasma membrane,
where Ly and L, domains coexist. The sterol composition
and concentration of lipid domains created by ABCA1-
mediated lipid transport could determine the membrane
association of apoA-I as well as the size of the hascent HDL
particle formed 83, 35, 36). Numerous structure/function
studies have been used to separate out specific effects of
cholesterol and other sterols in binding to protein regulatory
or active sitesg8, 59) and supporting or inhibiting membrane
raft formation 6—9, 60). Similarly, we have developed a
sterol structure/function relationship involving rHDL forma-
tion that can be used to systematically probe membrane
structure to delineate the steps by which lipid-free apoA-I
forms rHDL through the ABCA1 pathway.

In summary, these studies reveal, in part, the complexities
of sterol-lipid interactions, even in the presence of presum-
ably minor differences in structure. Our data, as well as data
from other studies, show that sterols can promote or disrupt
membrane domain formation; our studies further show that
different lipid phases, which are sometimes a function of
the structure of the phospholipid headgroup and acyl chain
composition, dramatically alter stergbhospholipid interac-
tions. Finally, our studies demonstrate that the unique
properties of the boundary region between coexisting mem-
brane domains can dramatically regulate proteirembrane

reaction, suggests that these rHDL as well as those derivedassociation.

from the ABCAL pathway are thermodynamic products with
compositions and dimensions that were determined solely
by lipid composition.

Physiological SignificanceéAn initial step in the formation
of HDL is the lipidation of apoA-lI by the ABCA1 lipid
transporterZ8—31). This process is not apoA-I specific since
other apolipoproteins with amphipathia-helices elicit
similar effects 1, 52). The mechanism for ABCA1-
mediated lipidation of apoA-I is unknown; however, it
probably involves both proteifprotein interactions between
apoA-l and ABCAL and lipie-protein interactions between
apoA-1 and the membrane surfacg&3). One mechanism
proposes a membrane microsolubilization step whereby
apoA-I simultaneously removes phospholipid and cholesterol
from lipid domains in whatever proportions they are present
(32, 33). Additionally, ABCAL cycling between the plasma
membrane and endosomal compartments is important for
cholesterol efflux $4, 55). Like other ABC transporters,
ABCAL1 is thought to pump phospholipids and possibly
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