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Surface Properties of Native Human Plasma Lipoproteins and
Lipoprotein Models

John B. Massey and Henry J. Pownall
Department of Medicine, Baylor College of Medicine, Houston, Texas 77030 USA

ABSTRACT Plasma lipoprotein surface properties are important but poorly understood determinants of lipoprotein catab-
olism. To elucidate the relation between surface properties and surface reactivity, the physical properties of surface
monolayers of native lipoproteins and lipoprotein models were investigated by fluorescent probes of surface lipid fluidity,
surface lateral diffusion, and interfacial polarity, and by their reactivity to Naja melanoleuca phospholipase A, (PLA,). Native
lipoproteins were human very low, low-, and subclass 3 high-density lipoproteins (VLDL, LDL, and HDL,); models were
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) or its ether analog in single-bilayer vesicles, large and small
microemulsions of POPC and triolein, and reassembled HDL (apolipoprotein A-l plus phospholipid). Among lipoproteins,
surface lipid fluidity increased in the order HDL; < LDL < VLDL, varying inversely with their (protein + cholesterol)/
phospholipid ratios. Models resembled VLDL in fluidity. Both lateral mobility in the surface monolayer and polarity of the
interfacial region were lower in native lipoproteins than in models. Among native lipoproteins and models, increased fluidity
in the surface monolayer was associated with increased reactivity to PLA,. Addition of cholesterol (up to 20 mol%) to models
had little effect on PLA, activity, whereas the addition of apolipoprotein C-IIl stimulated it. Single-bilayer vesicles, phospho-
lipid-triolein microemulsions, and VLDL have surface monolayers that are quantitatively similar, and distinct from those of LDL
and HDL,. Surface property and enzymatic reactivity differences between lipoproteins and models were associated with
differences in surface monolayer protein and cholesterol contents. Thus differences in the surface properties that regulate
lipolytic reactivity are a predictable function of surface composition.

INTRODUCTION

Native human plasma lipoproteins are composed of a susition, conformation, and binding. Plasma lecithin:choles-
face monolayer of phospholipid, cholesterol, and apoli-terol acyl transferase activity is a function of the surface
poproteins surrounding a core of triglyceride and cho-properties of its substrates. Some of these properties are
lesteryl ester (Shen et al., 1977; Atkinson and Small, 1986)macromolecular, including apolipoprotein composition and
Lipolytic enzymes, lipid transfer proteins, and the ex-physical properties of the bulk lipid matrix. Others are
changeable apolipoproteins associate with the surfacstrictly molecular and depend on the covalent structure of
monolayer. Investigators have frequently used model syssubstrate lipids (Massey et al., 1985a; Pownall et al., 1985;
tems when the structures and compositions of native lijonas et al., 1987; Jonas, 1991; Parks et al., 1992; Sparks et
poproteins were too complex for direct study. Models in-a|., 1993). Similarly, cholesteryl ester transfer protein
clude phospholipid single-bilayer vesicles (SBVs) (McLean(CETP) activity depends on the surface composition of the
and Jackson, 1985; McKeone et al., 1988; Mims and Morsypstrate lipoproteins that are the lipid donors and acceptors
risett, 1988), microemulsions of phospholipid and neutralohnishi and Yokoyama, 1993).

lipids (Tajima et al., 1983; Yokoyama et al., 1985; Mims  1¢ determine how the properties of surface lipids regulate
and Morrisett, 1988; Derksen and Small, 1989; Small et al.gpglipoprotein distribution and function, we compared the
1991; Ohnishi and Yokoyama, 1993), discoidal particlesyhysicochemical properties of the surface monolayers of
including reassembled POPC—apoA-I particle (R-HDL) pre-pative lipoproteins and lipoprotein models. In the studies
pared from apolipoproteins and phospholipids (Reijngouqenorted here, we performed parallel assessments of the
and Phillips, 1982; Massey et al., 1985a,b; Jonas, 1986 itace monolayer properties of the major human lipopro-

1991, 1992; Pownall et al., 1_9_87; Parks et al., 1992; Spark&ins; very low density lipoproteins (VLDL), low-density
et al., 1993), and phospholipid monolayers (Ibdah et al. i, teins (LDL), subclass 3 high-density lipoproteins

1989, 1990; Handa et al., 1992). These studies indicate th DL,), and several well-characterized lipoprotein models.

the lipids in the surface monolayer determine its physica\Ne used the fluorescent probes 1-(4-trimethylammonium-
properties, which in turn determine apolipoprotein COMPO-yhanyi)-1,3,5-hexatriene (TMA-DPH) and 4-heptadecyl-7-
hydroxycouramin (HC), which are sensitive to differences
in the microviscosity of the acyl chain and the headgroup

_ “Y"'regions of surface phospholipids (Prendergast et al., 1981,
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ethyl)methyl)amino)naphthalene chloride), which are spec-
troscopic probes of interfacial polarity (Massey et al.,
1985c; Jonas et al., 1987; Parasassi et al., 1994). Because
phosphatidylcholine (PC) is the major phospholipid in
plasma lipoproteins, accounting for 70—80% of the phos-
pholipid, phospholipase ANaja melanoleucgEC 3.1.1.4),

it was used as an enzymatic probe to correlate the physico-
chemical properties of the surface monolayer with the ac-
tivity of a lipolytic enzyme that associates with phospho-
lipid surfaces (Mims and Morrisett, 1988; Cunningham et
al., 1989). Validation of methods for the characterization of
the interfacial physical properties of membranes and li-
poproteins should lay the groundwork for understanding
how the catalytic efficiencies of proteins that associate with
the phospholipid-water interface of lipoproteins are regulated.

Normalized Absorbance, 280 nm

EXPERIMENTAL PROCEDURES ' 5 10 15 20 25 30 35 40

Materials Fraction Number

1-Palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC) was purchased FIGURE 1 Native lipoproteins and lipoprotein models were isolated by
from Avanti Polar Lipids (Birmingham, AL). Triolein and fatty acid-free chromatography on Sepharose CL-4B (1.6 M0 cm column). For each
albumin were from Sigma Chemical Co. (St. Louis, MO). TMA-DPH, HC, type of particle, fractions indicated by the cross-hatched bars were pooled.
PUTA, Prodan, and Patman were purchased from Molecular Probes (Gran@) LDL. (B) POPC SBV. C) LME and SME. The SBVs, LMEs, and
Junction, OR)Naja melanoleucavenom was obtained from Miami Ser- SMEs were prepared by sonication followed by low-speed centrifugation
pentarium (Miami, FL), and its fraction Il phospholipasg Was purified to remove titanium fragments. For the microemulsions, the two pooled
by a previously described method (Joubert and Van der Walt, 1975fractions used were one eluting in the void volume (LME) and one eluting
Massey et al., 1985a). Apolipoprotein A-I (apoA-l), apolipoprotein C-Ill in the included volume (SME). In the void volume, the apparent absor-
(apoC-Ill), 1-palmityl-2-oleylsn-glycero-3-phosphocholine (POPC-ether), bance was higher because of light scattering by the large particles.
1,2-tetradecybnglycero-3-phosphocholine (DMPC-ether), and 1-myris-

toyl-2-9-(1-pyrene)nonanowr-glycero-3-phosphocholine (MPNPC)

were prepared as previously described (Massey et al., 1985b; Pownall et

al., 1985; McKeone et al., 1988). Fluorescence methods

A variety of fluorescence methods and probes were used to evaluate
. . . . . molecular motion, lateral mobility, and microviscosity within native li-
Isolation of native lipoproteins and preparation of poproteins and lipoprotein models. For this report, lateral mobility is
lipoprotein models defined as the ability of molecules to move within and parallel to the

surface of the particles; microviscosity is viscosity measured at the mo-
VLDL (d < 1.006 g/ml), LDL @ = 1.019-1.063 g/ml), and HDL(d =

1.125-1.210 a/mi isolated f led linidemic pl b lecular or microscopic scale; molecular motion is the movement of probe

d. t_ llt 9 Ti we;_e |sE)Ha € | r?ml p(1)35eS) n,\c;lr_mo Pt T”_“'C p a:CSI?C’G;F)ngIecules laterally or rotationally within lipoprotein particles. The fluo-
ensity ultracentritugation (Havel €t al., - vieroemuisions o rescence polarization of TMA-DPH and HC and the fluorescence spectra

and triolein were prepared by sonication of the POPC-triolein mixture. The

. ) . . . of PUTA, Prodan, and Patman in native lipoproteins and lipoprotein
large microemulsion (LME) and small microemulsion (SME), which were : : .
separated by chromatography on Sepharose CL-4B, exhibited Composn_10de|s were recorded on an SLM 8000 spectrofluorimeter equipped with
' lan-Thompson prisms (Small et al., 1991). The polarization of TMA-

tions and hydrodynamic properties similar to those previously describe L - L
Y y prop P y PH, which is a cationic membrane probe that does not partition into the

(Tajima et al., 1983); rechromatography of the pooled fractions duplicated: . ) " he fluidi f th | chai f th
the profile obtained in the first chromatography. Except where noted, thélpoproteln _corg, s sensitive to the fluidity of the acyl chains of the
phospholipid in LME and SME is POPC. phospholipids in the surface monolayer (Prendergast et al., 1981). HC

SBVs of POPC or POPC-ether were prepared by sonication and isolateaolarizatioq i§ sepsitive to the motion at the interf_acial headgrou.p regi_on.of
by chromatography on Sepharose CL-4B (Barenholz et al., 1977; Mcke@ Phospholipid bilayer (Pal et al., 1985). PUTA is a single-chain cationic
one et al., 1988). Typical elution profiles of LDL, POPC SBV, LME, and amphiphile whose excimer fluorescencg intensity increases with surface
SME are shown in Fig. 1. R-HDL, comprising POPC and apoA-I, prepalredlateral mobility. The fluorescence properties of Prodan and Patman depend
by a cholate dialysis procedure, had a lipid-to-protein stoichiometry ofon the polarities of their microenvironments.

100:1 (Massey et al., 1985b; Pownall et al., 1985). Lipid particles contain-  The fluorescent probes were introduced into the samples by injection of
ing ether and fluorescent analogs of phospholipids were prepared similarijicroliter aliquots of a solution (1 mM) of the probe in ethanol. The
(Massey et al., 1985a). The lipids were mixed in chloroform, and thesamples were incubated at 37°C foh toensure probe equilibration. Final
organic solvent was removed under vacuum before incorporation int¢oncentrations were less than 0.1% ethanol and contained less than 1 mol
lipoprotein models. ApoC-Ill was incorporated into preformed vesicles andof probe per 500 mol of phospholipid. The sample chamber of the fluo-
microemulsions by simple mixing. The phospholipid concentrations offimeter was maintained at a constant temperature with a thermostat-
lipoproteins and lipoprotein models were determined as phosphorus, usingontrolled water bath, and the temperature in the cuvette was recorded with
a molecular weight of 750 for the phospholipid (Bartlett, 1959). A standarda Bailey Instruments digital thermometer (model Bat 8). The excitation
buffer composed of 100 MM NaCl, 1 mM NaNL mM EDTA, and 10 mM wavelength was 350 nm for TMA-DPH and 330 nm for HC; the emission
Tris (pH 7.4) was used throughout, except as noted. was monitored with a Corning 3-144 cutoff filter.
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The concentration dependence of the fluorescence emission of the Native Lipoproteins Lipoprotein Models
pyrenyl probes MPNPC and PUTA is described by the equation
A TMA-DPH[ g TMA-DPH

E/M = ([P]- T-K)in 04} -
whereE is the excimer fluorescence intensity, is the monomer fluores- G\S\ON !
cence intensity, [P] is the concentration of the pyrene analogue,the 03} r
absolute temperaturek is a constant incorporating both experimental
variables and the lateral diffusion coefficient of the lipid molecule, gnd

is the viscosity of the medium surrounding the pyrene. Under defined 02 b
conditions, theE/M ratio can provide a relative measure of the lateral
diffusion of the probe in the surface monolayer (Mantulin et al., 1981; 0.1 4ttt bt

Massey et al., 1985b; Vauhkonen et al., 1989; Sassaroli et al., 1990). The

excimer and monomer fluorescence intensities were measured at 470 nm

and 397 nm, respectively. The excitation wavelength was 327 nm.
Partition coefficients for Prodan were determined so that more than 99%

o %&% _
of the probe was associated with the phospholipid matrix for the fluores- 03

cence measurements. The fluorescence spectra of Prodan, which is a %
hydrophobic membrane probe, were analyzed for wavelength of maximum 02} Q\D\D\O\O L m

Fluorescence Polarization

fluorescence intensity and,,, fluorescence spectral width at half-maxi-
mum intensity (Massey et al., 1985c). Patman, which is a cationic mem-

brane probe that does not partition into the lipoprotein core, was analyzed 01—t
for the fluorescence wavelength maxima. Patman was added at a ratio of 1 10 20 30 40 50 10 20 30 40 50
mol of probe to 500 mol of phospholipid. Temperature, °C

FIGURE 2 Fluorescence polarization in native lipoproteiAsafid C)
Phospholipase A2 measurements and modelsB andD) labeled with TMA-DPH A andB) and HC C and
D) as a function of temperatur®, VLDL; @, LDL; [], HDLg; A, POPC
PC hydrolysis was followed by pH-stat titration at pH 8.0 (Brinkman SBV; A, POPC-ether SBVY, LME; ¢, SME; l, R-HDL.
Metrohm). Solutions of native lipoproteins or lipoprotein models (2 ml)
containing 10 mg of fatty acid-free albumin (0.5 mM Tris, 50 mM CaCl

and 100 mM NacCl, pH 8.0) and 40 ng phospholipagsev&re combined at diameters as determined by Sepharose Chromatography
25°C to start the reaction; initial rates were determined over an interval i

which less than 10% of the total phospholipid was hydrolyzed. n(Flg. 1), alsp h_ave similar Surfa(_:e fluidiies. The fluores-
Alternatively, hydrolysis of a pyrene-labeled phospholipid in a PC-etherC€NCE polarization of TMA-DPH in POPC-ether SBV was
matrix by phospholipase Awas followed by a fluorescence assay (Massey greater than that in POPC SBV (FigB2. Differences in the
et al., 1985a; Rosseneu et al., 1985). The basis of this assay was tthantum yields of |ipophi|ic fluorescence probes in PC and
catalygis is‘much slower than the _trans_fer of pyrene non‘anoic acid tPC-ether have been reported previously (Massey et al.,
albumin, which can pe followed fluonmgtncally. Thl_Js the rapid transfer of 1985b) and underlying differences in fluorescence lifetimes
the product to albumin allowed the continuous monitoring of the enzymatic » . . .
reaction. The rate of hydrolysisPittt, was calculated asRidt = —k[P], ~ May contribute to the different polarizations. On average,
wherek is the first-order rate constant and [P] is the phospholipid concenthe fluorescence polarization of TMA-DPH was greater in
tration. A typical assay contained 10 mg/ml bovine serum albumin, subnative lipoproteins than in most lipoprotein models. At
strate, 0.2ug phospholipase 4 and buffer (10 mM Tris, 25 mM CaGl — 37°C VDL surface fluidity was similar to values for
rlncl)_o MMNaCl, 1 mM EDTA, 1 mM Naly pH7.4) toafinalvolume of 1.5 o iy and POPC-ether SBV. For HC, fluorescence polar-
ization also varied linearly with temperature; at 37°C, the
order was HDL =~ LDL > POPC-ether SB\* R-HDL >
RESULTS POPC SBV> SME > VLDL =~ LME (Fig. 2, C andD).
The HC fluorescence polarization values were much lower
in VLDL, LME, and SME, all of which have large, hydro-
The polarization of fluorescence of TMA-DPH and HC was phobic lipid cores. They were also much lower than TMA-
used to investigate the relative fluidity of the surface mono-DPH values for VLDL, LME, and SME; for the other native
layers of native lipoproteins, POPC SBV, POPC-ether SBV/ipoproteins and models, TMA-DPH and HC values were
POPC-triolein microemulsions, and R-HDL. For TMA- similar.
DPH, the polarization values were linear with respect to
temperature (Fig. 2A andB). For the native lipoproteins, Excimer fluorescence
the magnitude of the polarization at 37°C decreased in the
order HDL; > LDL > VLDL. Although the slopes of the The charged cationic excimer probe PUTA was used to
plots were similar, surface fluidity was significantly higher determine the relative lateral mobility within the surface
for VLDL than for HDL; or LDL. For the lipoprotein  monolayer of native lipoproteins and lipoprotein models. In
models containing POPC, the fluorescence polarization oboth groups, theE/M ratio at 37°C varied directly with
TMA-DPH decreased in the order R-HDE> SBV =~ probe concentration (Fig. 8). According to Eq. 1, a rela-
SME > LME (Fig. 2 B). According to TMA-DPH fluores- tive lateral diffusion coefficient for PUTA was calculated
cence polarization, SBV and SME, which have similarfrom the slope i) of a plot of E/M against mol% PUTA.

Fluorescence polarization
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TABLE 1 Partition coefficients and quantum yields for
03} A Prodan in native lipoproteins and lipoprotein models
© Lipoprotein or Relative quantum
& 02+t lipoprotein model Ky* x 107° yield*
= VLDL 127 16
o o1l ] LDL 10.2 1.0
HDL, 5.2 2.4
0.0 1 L 1 i POPC SBV 3.4 4.9
0 1 5 3 4 POPC-ether SBV 3.0 46
LME 5.0 2.0
PUTA, Mol % SME 53 12
R-HDL 2.3 3.7
g B *K,, (partition coefficient)= (mol bound probe/mol phospholipid)/(mol
= free probe/mol HO).
§ 0.1 r “The relative quantum yield was calculated as the integrated fluorescence
g intensity of the bound probe divided by the intensity of the same concen-
E ] tration of Prodan in buffer. The concentration of Prodan was\VL For
o VLDL, LDL, HDL ;, POPC SBV, POPC-ether SBV, and R-HDL, the
concentration was 1.3 mg/ml phospholipid. For LME and SME, the phos-

0.0 1.0 2.0 3.0 40 50 pholipid concentrations were 0.4 and 0.5 mg/ml, respectively.

Temperature, °C

FIGURE 3 Lateral diffusion of PUTA in surface monolayers as deter- (JOnas et al., 1987). Because the partition coefficients were
mined from excimer/monomer (E/M) ratio®)(The slopes of the plots of determined on the basis of number of moles of phospho-
E/M versus mol% PUTA were used to calculate a normalized laterallipid, data for particles with neutral lipid cores cannot be
diffusion coefficient D) for the probe in different lipid environments at meaningfully compared with particles without cores. By
87°C. LDL @,D = 35), HDL5 (1, D = 23), VLDL (O,D = 21), R-HDL i the partitioning data, the relative quantum yields of
(M, D = 100), POPC SBV 4, D = 87), POPC-ether SBVA| D = 84), : ' < i ]

SME (4, D = 76). For POPC SBV and POPC-ether SBV, the mol% Prodan were determined under conditions in which more
PUTA was determined, assuming that PUTA distributed into only thethan 99% of the probe was bound to the particles. The
two-thirds of the total phospholipid that was in the outer monolay®y. ( fluorescence quantum yield of Prodan in POPC SBV,
E/M ratio as a function of temperature. The PUTA concentrations werepOPpC-ether SBV, and R-HDL was two to three times

2.6-3.3 mol%. The E/M values were normalized by division by the mol% . . . - .
of PUTA in the sample. Symbols are asAnBrackets show the clustering higher than in the native lipoproteins, LME, and SME

of the behavior of native lipoproteins. (Table 1).
The fluorescence spectra of Prodan in native lipoproteins

and lipoprotein models were also different (Fig. 4). For
For each particlep, the slopes were used to calculate aPOPC SBV, POPC-ether SBV, and R-HDL, the fluores-
normalized lateral diffusion coefficienD according to  cence emission maxima appeared between 495 and 500 nm,
D, = my/mg 5 X 100. The lateral diffusion of the probe a spectral range that is characteristic of the probe in a
increased in the order HDl~ VLDL < LDL < SME <  fluid-phase phospholipid (Massey et al., 1985c; Jonas et al.,
POPC-ether SB\W POPC SBV< R-HDL. TheE/M ratio ~ 1987). The emission maxima for these particles did not
at one probe concentration was measured as a function ghange substantially with temperature (FigA®ndB), and
temperature (Fig. 38). At all temperatures, the lateral the spectral halfwidthi,,), which varies according to the
mobility followed the same order among native lipoproteinsheterogeneity of the probe environment, decreased with
and lipoprotein models. The most striking difference wasincreasing temperature (Fig. &, and D). For VLDL and
that the lateral mobility of the probe was much higher inLDL, the emission maxima, which appeared at 420 nm,
pure phospholipid matrices of lipoprotein models than in thewere invariant with respect to temperature (FigAband
surface monolayers of native lipoproteins, which containwere slightly blue-shifted relative to the maximum observed
apolipoproteins and cholesterol. for HDLg; the fluorescence maximum of Prodan in HPL
was red-shifted at higher temperatures. The maxima in these
spectra are typical of Prodan in a hydrophobic environment,
and similar to those previously reported for this probe in
As noted above, the fluorescence spectra of Prodan amgkl-phase phospholipids or phospholipids containing a high
Patman are a sensitive function of the probe microenvironeoncentration of cholesterol (Jonas et al., 1987). The spec-
ment (Weber and Farris, 1979; Massey et al., 1985c; Jondsal width was much broader for HQLthan for VLDL or
et al., 1987; Parasassi et al., 1994). To verify the binding oL.DL, suggesting that the environment of Prodan in H04
Prodan to the native lipoproteins and lipoprotein modelsmore heterogeneous than for VLDL or LDL.
lipid-water partition coefficients were determined. The par- LME and SME exhibited contrasting fluorescence behav-
tition coefficients were similar except for those of VLDL ior in the temperature dependence of Prodan fluorescence
and LDL, which were at least twofold higher (Table 1) (Fig. 4 B; Fig. 5, B and D). At 22°C, the fluorescence

Prodan and Patman fluorescence



Massey and Pownall Lipoprotein Surface Properties 873

500 F A - B
£ A/A_,-A—é"”A
o
S 480 | -
50 -:g
S 460} :
s
RN S 440t -
c 0 g
Q
£ 420 | = |
e 2 1 1 I3 1 1 1 1 1 1 1
g 50 N ~
g e c
g : 6000 | I
5 0 L L 1 L =
i c )
E 5000 | i
50 ’ F
4000 | I
POPC SBV
;%PDCLAOQI’MI SBv l N
0 3000 L —

400 450 500 550

10 20 30 40 50
Wavelength, nm 10 20 30 40 50

Temperature, °C

FIGURE 4 Fluorescence spectra of Prodan bound to native lipoproteins )
and lipoprotein models. Except where noted, all spectra were recorded &#IGURE 5 Fluorescence wavelength maxim gnd B) and spectral
37°C. (@) VLDL ( ), LDL (- — -), and HDL; (- - -) and in buffer halfwidth (bandwidth at half peak height in ¢ty C andD) for Prodan at

(=~ -). (B) LME at 37°C (—) and 22°C (- —-); SME at 37°C{-) and different temperatures and in different lipid environmemsagdC) POPC
22°C (—-). (C) POPC SBV (——), POPC-ether SBV (——-), and R-HDL SBV (&), VLDL (O), LDL (@), and HDLs (CJ). (B and D) POPC-ether
(- - -). The Prodan concentration wasuM, and the phospholipid con- SBV (&), LME (<), SME (#), and R-HDL ®).

centration was 1.3 mg/ml for VLDL, LDL, HD}L, POPC SBV, POPC-
ether SBV, and R-HDL. The phospholipid concentration was 0.5 mg/ml for
LME and 0.4 mg/ml for SME. The relative quantum yields and the
partition coefficients are listed in Table 1.

the shift in spectral maxima (Fig. B). For both LME and
SME, the change in spectral shape occurred near 35°C.
To circumvent the ambiguities associated with the parti-

tioning of Prodan between the surface and core, fluores-

spectrum of Prodan in LME contained ‘?‘Sing'e maximum ato oo spectra of Patman, a probe that localizes exclusively
420 nm; at 37°C, the spectrum was bimodal. On the othe{

. . | .lo the lipid surfaces, were recorded as a function of tem-
hand, the.spectrum of Prodanin SMOE was blmodg at'22 G erature in native lipoproteins and lipoprotein models (Fig.
but contained only one peak at 37°C. The maxima in th ). The fluorescence spectra of Patman in POPC SBV,
bimodal spectra, which were observed at 420 nm and 50

nm, correspond to the fluorescence of Prodan in two differ- ME, and SME were essentially independent of tempera
ent environments. The spectral position of one at 500 nm
was similar to that of the phospholipid-water interface in

SBV and R-HDL (Fig. 4C). The other environment, which

on the basis of its blue shift was more hydrophobic, could 2
correspond to the triolein core. However, the quorescencé‘Z’ 50
of Prodan in two native lipoproteins with hydrophobic
cores, VLDL and LDL, did not contain a peak in this
spectral region. In VLDL and LDL, therefore, either all of
the probe partitions into the neutral lipid core, or the surface g
monolayers of the two lipoproteins are more hydrophobic §
than those of microemulsions. The latter assignment is& so
made more likely by the observation that the fluorescences
maximum of Prodan in model HDL composed of 1,2- &

ce Inte

n

SBV, 17.0°
LME, 17.0°

SME, 17.0°
5BV, LME, SME, 41.5°
1 :

dimyristoyl-snglycero-3-phosphocholine (DMPC), apoA-I, o ot L . L .
and large concentrations of cholesterol is characteristic of 400 450 500 550 400 450 500 550
an environment that is more hydrophobic than POPC SBV Wavelength, nm

and similar to that of the microemulsion core (Massey et al. . - . .
1985¢). A d. th tral bandwidths of the bi d FIGURE 6 Fluorescence of Patman in native lipoproteins and lipopro-
C)' S expected, the spectral bandwi S ofthe bimo EI‘Lin models as a function of temperatur&) YLDL. (B) LDL. (C) HDL .

spectra were broader than those containing a single peaky popc sBv, LME, and SME. The temperatures at which the spectra
and exhibited a temperature dependence similar to that afere recorded are noted in the panels.
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ture (Fig. 6 D). The emission maxima recorded at 37°C The effects of apoC-IIl on the phospholipasg-edi-
were at 480 nm and shifted slightly to shorter wavelengthsated hydrolysis of MPNPC in lipoprotein models containing
at lower temperatures. The fluorescence spectra of PatmanPC-ether matrix and MPNPC were determined. MPNPC
in VLDL and LDL (Fig. 6, A and B) were bimodal; the exhibits a change in its excimer fluorescence when cleaved
emission maxima were between 480 nm and 490 nm dby lipolytic enzymes. PC-ethers have frequently been used
higher temperatures and around 410 nm at lower temperas stable matrices to study the interactions of lipolytic
tures. In HDL; (Fig. 6 C), the changes in the emission enzymes with phospholipid surfaces, because lipolysis
maximum with temperature were similar to those in lipopro-causes little change in the macromolecular structure of these
tein models containing POPC; on the basis of spectraparticles (Jain et al., 1982; DeBose and Roberts, 1983;
width, the environment of Patman in HRlwas more het- Massey et al., 1985a; McLean and Jackson, 1985; Pownall
erogeneous than for lipoprotein models. et al., 1985; Bhamidipati and Hamilton, 1989). The rates of
hydrolysis were directly proportional to the amount of
apoC-Ill added, and even at a molar ratio of one apoC-Ili
Phospholipase A, kinetics per vesicle, activity was profoundly increased (Fig. 8). In

I . . . the absence of apoC-lll, the rates (both measured and ex-
The initial rates of phospholipaseAnediated hydrolysis of trapolated to thg intercepts) were identical for POPC-ether

PC in the native lipoproteins, POPC SBV, and SME weregy /e “55p¢ _ether SBV, and DMPC-ether SBV. With the
determined by pH-stat titration. In the concentration range

. - i .. 2~addition of apoC-lll, the slopes differed by a factor of 2.
studied (1-6 mM phospholipid), the enzymatic activity 5o _ather LME h | h hiah .
changed little with respect to the amount of phospholipid OPC-ether s were hydrolyzed at a much higher rate in

._both the absence and presence of apoC-lll. In similar sys-
velocity can be attributed to differences in maximum reac-{%ms’ the addition of apoC-Iil or other apolipoproteins to
. . . : L SBVs activates the CETP-mediated exchange of cholesteryl
tion velocity (V.- POPC SBVs, with a relative activity of sters (Ohnishi and Yokoyama, 1993)

100%, were the best substrate; the addition of 10 or o8 ’ '

mol% cholesterol to POPC SBV did not appreciably alter

Vimax (Fig. 7). The relative activities of other substrate DISCUSSION

particles studied were SME 85%, VLDL 65%, HDIL5%,
and LDL 8%. It is worth noting that the enzymatic activity
varied inversely with the fluorescence polarization of TMA-
DPH (Fig. 7,inse), indicating that catalysis was a direct
function of surface fluidity.

During the catabolism of plasma lipoproteins, apolipopro-
teins and lipids are transferred and exchanged among li-
poprotein classes and subclasses. It has been shown that the
size, surface properties, and chemical compositions of li-
poproteins are important determinants of the distribution of
some apolipoproteins among lipoprotein classes (Patsch et
al., 1978). The physicochemical properties of the surface
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FIGURE 8 Stimulation of phospholipase Anediated hydrolysis of

Phospholipid, mM MPNPC (3 mol%) by apoC-I/Il, DMPC-ether—-MPNPC SBV (0.61 mM
phospholipid);¥, POPC-ether-MPNPC SBV (1.0 mM phospholipi®,

FIGURE 7 Kinetics of phospholipase,Amediated hydrolysis of PC in  POPC-ether—-MPNPC-triolein LME (0.61 mM phospholipid), POPC-
native and model lipoproteins determined by pH-stat titratenVLDL; ether—-MPNPC-triolein SME (0.61 mM phospholipid). The respective
®, LDL; ¢, HDL; B, POPC SBV;A, POPC SBV containing 10 mol %  equations by sample for linear regression analysis of the data were (
cholesterol;O, POPC SBV containing 20 mol% cholesteradl, SME. 106« + 1500), ff = 26k + 150), {/ = 520x + 160), andy = 31X +
(Inse) Enzymatic rate at 3 mM phospholipid versus fluorescence polar-170), wherey (mmol/min/mg) is the enzymatic activity andmol/mol) is
ization of TMA-DPH at 20°C. the apo C-III/PC molar ratio.
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monolayers of lipoproteins are also likely to determine therescence polarization was lower than that found in POPC
activities of many plasma proteins and their distributionSBV, again demonstrating that the proteins increase the
among lipoproteins. These proteins include lipolytic en-order of the lipid phase. In VLDL, LME, and SME, the
zymes, lipid transfer proteins, and apolipoproteins that ardéluorescence polarization of HC was much lower than that
ligands for cell surface receptors or activators of lipid-of TMA-DPH. The differences in polarization are due to
catabolizing enzymes (McKeone et al., 1988; Derksen andifferences in the structures of the particles and the parti-
Small, 1989; Ibdah et al., 1989). As reported here, studies dioning of these two probes between surface and core re-
lipoprotein models identified several correlations betweergions. HC contains a hydroxyl group that anchors the probe
the compositional and structural features of the particldo the lipid-water interface in pure phospholipid matrices
surface and the fluorescence behavior of several probes th@tonas et al., 1987). However, as with cholesterol, which
localize to this region. Having established these correlationalso contains a single hydroxyl group, a fraction of HC may
in model systems, we used them to determine the surfaggartition into the core of the particle (Lund-Katz and Phil-
properties of native lipoproteins. Parallel studies on nativdips, 1986; Li et al., 1990), where the motion of the probe is
lipoproteins and lipoprotein models can provide the groundo longer anisotropic. As a consequence, the fluorescence
work for identifying the molecular and macromolecular polarization of HC is lower than that of the cationic probe
properties that regulate lipoprotein catabolism. TMA-DPH, which is confined to the surface. Therefore, we
assign the lower polarization and attendant higher fluidity to
contributions from that fraction of the probe residing in the
Surface fluidity highly fluid core of neutral lipids.
Fluorescence polarization of TMA-DPH varies inversely
with lipid fluidity. Unlike the commonly used probe 1,6- -
diphenyl-1,3,5-hexatriene (DPH), which partitions betweensurface lateral mobility
the surface monolayer and the core in native lipoprotein§he lateral diffusion of PUTA in the lipid surface was
and lipoprotein models (Li et al., 1990), the charged probesstimated from measurementsEiM versus mol% PUTA,
TMA-DPH is anchored at the monolayer surface, and thea cationic probe that resides at the lipid-water interface and
polarization values reflect only the fluidity of this region. does not partition into the neutral lipid core. Among the
This property is especially important for particles such adipid particles that were studied, tH&/M ratio increased
lipoproteins, which contain a hydrocarbon-like core. In thelinearly with the microscopic concentration of PUTA (Fig.
native lipoproteins studied here, the TMA-DPH fluores- 3 A). There were only small differences in the calculated
cence polarization measurements revealed increases in sstope ofE/M versus mol% PUTA among VLDL, LDL, and
face fluidity in the order HDL < LDL < VLDL (Fig. 2 A). HDL,. However, the values were two to three times less
HDL; and LDL showed much lower surface fluidity than than those of model systems, indicating a much lower lateral
VLDL; the rank order of fluidity is the same as that in which mobility of PUTA in the surface lipids of these native
the ratio (proteint free cholesterol)/phospholipid decreaseslipoproteins than in models that are cholesterol free.
in these lipoproteins. These results are consistent with stud- The similarity of surface monolayers of VLDL, LDL, and
ies of model systems showing that the addition of cholesHDL; in the lateral mobility of PUTA (Fig. 3A) contrasts
terol or proteins to phospholipids decreases surface fluiditvith the differences in fluidity found with TMA-DPH (Fig.
(Mantulin et al., 1981; Wetterau and Jonas, 1983; Massey & A). This contrast may represent differences in the lateral
al., 1985b). organization of PUTA in different lipoprotein surfaces that
Comparison of the fluorescence polarization of TMA- are a function of the amount of surface-associated protein
DPH in our POPC-containing lipoprotein models revealed(Barenholz et al., 1996). Furthermore, the lateral diffusion
increased surface fluidity in the order R-HDK POPC  and axial rotation rates of a phospholipid within a choles-
SBV ~ SME < LME (Fig. 2 B). As previously reported, terol-rich PC phase are similar to those of liquid-crystalline
increasing the apolipoprotein content of model HDL re-PC, even though the phospholipid acyl chains are highly
duces the fluidity of the phospholipid matrix (Mantulin et ordered (Vist and Davis, 1990). According to bétR NMR
al., 1981; Wetterau and Jonas, 1983; Massey et al., 1985b3pectroscopy and the excimer fluorescence of pyrenyl phos-
POPC SBVs and SMEs, which have similar diameters, angholipids, the phospholipids in the surface monolayer of
VLDL exhibited nearly the same surface fluidities. The LDL are sensitive to the phase transition of the neutral lipid
linearity of plots of fluorescence polarization according tocore (Vauhkonen and Somerharju, 1989, 1990; Fenske et
temperature confirmed the absence of surface lipid-phasal., 1990). Although excimer fluorescence studies showed
transitions from all native lipoproteins and lipoprotein mod- little difference in the surfaces of LDL and a variety of
els containing unsaturated phospholipids. biological membranes (Vauhkonen and Somerharju, 1989;
In LDL, HDL 4, POPC SBV, POPC-ether SBV, and R- Vauhkonen et al., 1989; Fenske et al., 1998p studies
HDL, the fluorescence polarization of HC was similar to have implied that the lateral diffusion of a phospholipid was
that of TMA-DPH (Fig. 2,C and D). With both HC and  much slower in LDL than in VLDL, HDL, and PC-triolein
TMA-DPH, the fluidity of R-HDL inferred from the fluo- microemulsions.
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Surface polarity measurements The effects of apoC-lll on phospholipase Aydrolysis
of PC in stable PC-ether matrices were studied in greater

'I_'he quorescen_ce spectra of Prodan a_nd Patman are SeNgitail. In these systems, which contained only phospholipid,
tive to the polarity of the headgroup region of phospholipidsg oy amounts of apoC-Iil altered the surface properties in

(Massey et al., 1985c; Jonas et al., 1987; Parasassi et a,qose-dependent manner and rendered the PC more reac-
1994). The high quantum yields and spectral maxima ofje (Fig. 8). Thus, in our model systems, the addition of
Prodan fluorescence in lipoprotein models consisting 0kma|| amounts of the individual components—apolipopro-
only POPC or POPC-ether were consistent with location ofejns or cholesterol—to the surface monolayer had little
the probe at the lipid-water interface of liquid-crystalline- effect or an enhancing effect on the reactivity of PC to
phase phospholipids with similar degrees of hydration (Figphospholipase 4 In native lipoproteins, which contain
4 C, Table 1). Within the microemulsions, Prodan distrib- higher (cholesterok protein)/phospholipid ratios, the PC
uted between two distinct environments. The fluorescenceuas much less reactive, suggesting that the presence of
maxima indicated that one was similar to that of the surfac&holesterol blocks the stimulatory effect of apolipoproteins
phospholipid in POPC SBV; the second was a much lesgn phospholipolytic activity.
polar environment. Compared with POPC SBV, the quan- Several principles emerge from these studies. First, the
tum yields were decreased by more than 50% (Table 1). Theigher the microviscosity of a phospholipid surface, the
relative amounts of the two environments changed withpoorer it is as a phospholipase substrate. Second, the surface
temperature (Figs. 8 and Fig. 5,B and D) and with the  monolayer of a VLDL particle is much more fluid and a
POPCiftriolein ratio. The fluorescence properties of Patmametter substrate for lipolytic enzymes than are the surfaces
were nearly the same in POPC SBVs and the microemulef LDL and HDL,. Third, the commonly used lipoprotein
sions (Fig. 6D). These results are consistent with the models, including SBVs, LMEs, and SMEs, have surface
partitioning of Prodan almost exclusively into the neutralmonolayers that are qualitatively similar to those of VLDL
lipid core (Li et al., 1990). but are poorer models of LDL or HDJ- which may limit

For Prodan, the native lipoproteins exhibited only the lesgheir usefulness for some investigations in which surface
polar environment, which implies either that the probe parProperties of lipoprotein models must emulate those of
titioned solely into the neutral lipid core or that the envi- hative lipoproteins with great fidelity.
ronment within the interfacial region was less polar than The surface compositions and structures of plasma li-
that of POPC vesicles. The quantum yields in native li-POProteins are determined, in part, by fatty acids that are
poproteins and microemulsions were similar (Table 1). Thelerived from diet. During lipolysis, fatty acids can accumu-
spectroscopic properties of Patman, which is confined to thit€ at the lipoprotein surface because the rate of fatty acid
surface region by its charge, revealed the environment dffansfer is much slower than lipolysis (Zhang et al., 1996;

this probe in the surface monolayer to be less polar in nativ%/Iassey et 6_"" _1997)' The surface monolayer.dlfferences
lipoproteins than in lipoprotein models. Cholesterol is.etween native lipoproteins and model systems illustrate the

known to partially exclude water from phospholipid sur- ![r?potr.tanc? of paral!tgl Stl:d'ez 0: bo;[h s?/?te;ns ”:hthte iden
faces (Straume and Litman, 1987; Jonas, 1992; Parasassi gjcation ot compositional and structural factors that regu

) . late lipoprotein catabolism. The many studies of the asso-

al., 1994); according to our Prodan fluorescence data, cho-. .. . : , : .

: : S ciation of apolipoproteins with model lipoproteins have

lesterol reduces surface polarity, even in the liquid-crystal-

line phase. We conclude that the fluorescence spectra dfemonstrated that molecular packing of lipids and the struc-
P ' P res of lipids and apolipoproteins are important determi-

Prodan and Patman in native lipoproteins were d'fferenhants of the equilibrium binding and kinetics of transfer of

from those observed in lipoprotein models that are ChOIeSépolipoproteins (McKeone et al., 1988; Derksen and Small,

terol free, because the cholesterol excludes water from thfggg- Ibdah et al., 1989: Small et al., 1991). This study
phospholipid monolayer. ) o ' N '

suggests that similar correlations of surface structure with
the distribution of other proteins that are involved in lipol-
ysis, with lipid transfer proteins, and with other aspects of
Phospholipase A, kinetics lipoprotein metabolism will help better define the relation

) between diet and lipoprotein metabolism.
Snake venom phospholipase, &vas used as a structural

probe of the surface of native plasma lipoproteins and
lipoprotein models. POPC SBVs were the best substratéhis work was supported by a Specialized Center of Research in Arterio-
particles; their hydrolysis was little affected by the presencq:clerosm grant (HL-27341) and other grants from the National Institutes of
: - ealth (HL-30914 and HL-56865).

of up to 20 mol% cholesterol (Fig. 7). The reactivity of
SMEs containing POPC was similar to that of POPC SBVs.
By comparison, PC was poorly reactive in LDL and HOL REFERENCES
A comparison of the polarization values of TMA-DPH with Atk 5. and b. M. Small. 1986. R binant eins: imol

. . . . . Inson, D., an . M. small. . Recompbinant lipoproteins: implica-
the enzym_atlc ra.t? indicates a good !nyersg Forrelatlon tions for structure and assembly of native lipoproteiAsinu. Rev.
between lipid mobility and substrate reactivity (Fig.irise). Biophys. Biophys. Cheri5:403-456.



Massey and Pownall Lipoprotein Surface Properties 877

Barenholz, Y., T. Cohen, E. Haas, and M. Ottolenghi. 1996. Lateral ing nonhydrolyzable diether phosphatidylcholinésBiol. Chem.260:
organization of pyrene-labeled lipids in bilayers as determined from 11719-11723.

deviation from equilibrium between pyrene monomers and eXCimerSMassey J.B. H.S. She. A. M. Gotto. Jr.. and H. J. Pownall. 1985b. Lateral
J. Biol. Chem 271:3085-3090. distribution of phospholipid and cholesterol in apolipoprotein A-I re-
Barenholz, Y., D. Gibbes, B. J. Litman, J. Goll, T. E. Thompson, and R. D.  combinantsBiochemistry24:7110-7116.

Carlson. 1977. A simple method for the preparation of homogeneou%/Iassey J.B., H. S. She, and H. J. Pownall. 1985c. Interfacial properties

phospholipid ve5|cle53|ochem|stw.16:?806—2810. ) of model membranes and plasma lipoproteins containing ether lipids.
Bartlett, G. R. 1959. Phosphorus assay in column chromatogrdpBjol. Biochemistry 24:6973-6978.

Chem.234:466—-468.
em.2= _ _ __McKeone, B. J., J. B. Massey, R. D. Knapp, and H. J. Pownall. 1988.
Bhamidipati, S. P., and J. A. Hamilton. 1989. Hydrolysis of a phospholipid  apqjipoproteins C-I, C-II, and C-Ill: kinetics of association with model

in an inert lipid matrix by phospholipase,Aa **C NMR study. Bio- membranes and intermembrane transBochemistry 27:4500-4505.
chemistry.28:6667—6672. ML L R dR. L Jack 1985. Int i fli tein i
. p . cLean, L. R., and R. L. Jackson. . Interaction of lipoprotein lipase
Cunningham, B. A., T. Tsujita, and H. L. Brockman. 1989. Enzymatic and and apolipoprotein C-Il with sonicated vesicles of 1,2-

physical characterization of diacylglycerol-phosphatidylcholine interac- . . A : o .
tions in bilayers and monolayerBiochemistry 28:32—40. 2g::;?gt?;gzZisg%hfg%llchdme' comparison of binding constaics.

DeBose, C. D., and M. F. Roberts. 1983. The interaction of dialkyl ether,
lecithins with phospholipase ANaja naja najg. J. Biol. Chem.258:
6327-6334.

Derksen, A., and D. M. Small. 1989. Interaction of ApoA-1 and ApoE-3 o ] o
with triglyceride-phospholipid emulsions containing increasing choles-Ohnishi, T., and S. Yokoyama. 1993. Activation of human plasma lipid
terol concentrations: model of triglyceride-rich nascent and remnant transfer protein by apolipoproteinBiochemistry 32:5029-5035.
lipoproteins.Biochemistry 28:900—-906. Pal, R., W. A. Petri, Jr., V. Ben-Yashar, R. R. Wagner, and Y. Barenholz.

Fenske, D. B., R. S. Chana, Y. |. Parmar, W. D. Treleaven, and R. J. 1985. Characterization of the fluorophore 4-heptadecyl-7-
Cushley. 1990. Structure and motion of phospholipids in human plasma hydroxycoumarin: a probe for the head-group region of lipid bilayers
lipoproteins: a®’P NMR study.Biochemistry 29:3973-3981. and biological membrane8iochemistry 24:573-581.

Handa, T., H. Saito, I. Tanaka, A. Kakee, K. Tanaka, and K. Miyajima. Parasassi, T., M. Di Stefano, M. Loiero, G. Ravagnan, and E. Gratton.
1992. Lateral interactions of pig apolipoprotein A-1 with egg yolk  1994. Cholesterol modifies water concentration and dynamics in phos-
phosphatidylcholine and with cholesterol in mixed monolayers at the pholipid bilayers: a fluorescence study using Laurdan prBiphys. J.
triolein-saline interfaceBiochemistry.31:1415-1420. 66.763-768.

Havel, R. J., H. A. Eder, and J. H. Bragdon. 1955. The distribution andParks, J. S., T. Y. Thuren, and J. D. Schmitt. 1992. Inhibition of lecithin:
chemical composition of ultracentrifugally separated lipoproteins in cholesterol acyltransferase activity by synthetic phosphatidylcholine
human serumJ. Clin. Invest.34:1345-1353. species containing eicosapentaenoic acid or docosahexaenoic acid in the

Ibdah, J. A., S. Lund-Katz, and M. C. Phillips. 1989. Molecular packing of ~ S"+2 position.J. Lipid Res.33:879—-887.
high-density and low-density lipoprotein surface lipids and apolipopro-patsch, J. R., A. M. Gotto, Jr., T. Olivercrona, and S. Eisenberg. 1978.
tein A-l binding. Biochemistry28:1126-1133. Formation of high-density lipoprotejrike particles during lipolysis of

Ibdah, J. A., S. Lund-Katz, and M. C. Phillips. 1990. Kinetics and mech- very low density lipoproteins in vitroProc. Natl. Acad. Sci. USA.
anism of transfer of reduced and carboxymethylated apolipoprotein A-ll  75:4519-4523.

Mims, M. P., and J. D. Morrisett. 1988. Lipolysis of phospholipids in
model cholesteryl ester rich lipoproteins and related systems: effect of
core and surface lipid phase staBéochemistry27:5290-5295.

between phospholipid vesicleBiochemistry 29:3472-3479. Pownall, H. J., J. B. Massey, J. T. Sparrow, and A. M. Gotto, Jr. 1987.
Jain, M. K., M. R. Egmond, H. M. Verheij, R. Apitz-Castro, R. Dijkman, Lipid-protein interactions and lipoprotein reassembly. Plasma Li-

and G. H. De Haas. 1982. Interaction of phospholipasea#d phos- poproteins. New Comprehensive Biochemistry, Vol. 14. A. M. Gotto,

pholipid bilayers.Biochim. Biophys. Acte688:341-348. Jr., editor. Elsevier Science Publishers B. V., Amsterdam. 95-127.
Jonas, A. 1986. Synthetic substrates of lecithin: cholesterol acyltransferaspownall, H. J., Q. Pao, and J. B. Massey. 1985. Acyl chain and headgroup

J. Lipid Res27:689-698. specificity of human plasma lecithin: cholesterol acyltransferase: sepa-
Jonas, A. 1991. Lecithin-cholesterol acyltransferase in the metabolism of ration of matrix and molecular specificities.. Biol. Chem.260:

high-density lipoproteinsBiochim. Biophys. Actal084:205-220. 2146-2152.

Jonas, A. 1992. Lipid-binding properties of apolipoproteimsStructure Prendergast, F. G., R. P. Haugland, and P. J. Callahan. 1981. 1-[4-
and Function of Apolipoproteins. M. Rosseneu, editor. CRC Press, Boca (Trimethylamino)phenyl]-6-phenylhexa-1,3,5-triene: synthesis, fluores-
Raton, FL. 217-250. cence properties, and use as a fluorescence probe of lipid bilayers.

Jonas, A., N. L. Zorich, K. E. Kezdy, and W. E. Trick. 1987. Reaction of  Biochemistry 20:7333-7338.
discoidal complexes of apolipoprotein A-l and various phosphatidylcho-Reijngoud, D. J., and M. C. Phillips. 1982. Mechanism of dissociation of

lines with lecithin cholesterol acyltransferase: interfacial effekt8iol. human apolipoprotein A-l from complexes with dimyristoylphosphati-

Chem.262:3969-3974. dylcholine as studied by guanidine hydrochloride denaturatigio-
Joubert, F. J., and S. J. Van der Walt. 19K&ja melanoleucaforest chemistry.21:2969-2976.

cobra) venom: purification and some properties of phospholipases ARosseneu, M., M. J. Taveirne, H. Caster, and J. P. Van Biervliet. 1985.

Biochim. Biophys. Acta879:317-328. Hydrolysis of very-low-density lipoproteins labeled with a fluorescent

Li, Q. T., L. Tilley, W. H. Sawyer, F. Looney, and C. C. Curtain. 1990. triacylglycerol 1,3-dioleoyl-2-(4-pyrenylbutanoyl)glycerddur. J. Bio-
Structure and dynamics of microemulsions which mimic the lipid phase chem.152:195-198.

of low-density lipoproteinsBiochim. Biophys. Actal042:42-50. Sassaroli, M., M. Vauhkonen, D. Perry, and J. Eisinger. 1990. Lateral
Lund-Katz, S., and M. C. Phillips. 1986. Packing of cholesterol molecules diffusivity of lipid analogue excimeric probes in dimyristoylphosphati-
in human low-density lipoproteirBiochemistry 25:1562—-1568. dylcholine bilayersBiophys. J57:281-290.

Mantulin, W. W., J. B. Massey, A. M. Gotto, Jr., and H. J. Pownall. 1981. Shen, B. W., A. M. Scanu, and F. J. Kezdy. 1977. Structure of human
Reassembled model lipoproteins: lipid dynamics in recombinants of serum lipoproteins inferred from compositional analy$?soc. Natl.
human apolipoprotein A-1l and dimyristoylphosphatidylcholideBiol. Acad. Sci. USA74:837—841.

Chem.256.10815—19819. Small, D. M., S. B. Clark, A. Tercyak, J. Steiner, D. Gantz, and A.
Massey, J. B., D. H. Bick, and H. J. Pownall. 1997. Spontaneous transfer perksen. 1991. The lipid surface of triglyceride-rich particles can mod-
of monoacyl amphiphiles between lipid and protein surfaBéesphys. J. erate (apo)protein binding and tissue uptakeHypercholesterolemia,
72:1732-1743. Hypocholesterolemia, Hypertriglyceridemia, In Vivo Kinetics. Ad-
Massey, J. B., Q. Pao, W. B. Van Winkle, and H. J. Pownall. 1985a. vances in Experimental Medicine and Biology, Vol. 285. C. L. Mal-
Interaction of human plasma lecithin: cholesterol acyltransferase and mendier, P. Alaupovic, and H. B. Brewer, Jr., editors. Plenum Press,
venom phospholipase Avith apolipoprotein A-I recombinants contain- New York. 281-288.



878 Biophysical Journal Volume 74 February 1998

Sparks, D. L., W. S. Davidson, S. Lund-Katz, and M. C. Phillips. 1993. Vauhkonen, M., and P. Somerharju. 1990. The surface lipid layer of human
Effect of cholesterol on the charge and structure of apolipoprotein A-lin  low density lipoprotein probed by dipyrenyl phospholipi@hiem. Phys.
recombinant high density lipoprotein particled. Biol. Chem.268: Lipids. 52:207-216.

23250-23257. Vist, M. R., and J. H. Davis. 1990. Phase equilibria of cholesterol/

Straume, M., and B. J. Litman. 1987. Influence of cholesterol on equilib- dipalmitoylphosphatidylcholine mixture$H nuclear magnetic reso-
rium and dynamic bilayer structure of unsaturated acyl chain phosphati- nance and differential scanning calorimetBjochemistry29:451—-464.
dylcholine vesicles as determined from higher order analysis of fluores\weber, G., and F. J. Farris. 1979. Synthesis and spectral properties of a

cence anisotropy decaiochemistry26:5121-5126. hydrophobic fluorescent probe: 6-propionyl-2-(dimethylamino)naphtha-
Tajima, S., S. Yokoyama, and A. Yamamoto. 1983. Effect of lipid particle lene. Biochemistry18:3075-3078.

size on association of apolipoproteins with lipidl. Biol. Chem.258: Wetterau, J. R., and A. Jonas. 1983. Factors affecting the size of complexes

10073-10082. of dipalmitoylphosphatidylcholine with human apolipoprotein A-l.

Vauhkonen, M., M. Sassaroli, P. Somerharju, and J. Eisinger. 1989. Lateral J. Biol. Chem258:2637-2643.
diffusion of phospholipids in the lipid surface of human low-density Yokoyama, S., Y. Kawai, S. Tajima, and A. Yamamoto. 1985. Behavior of
lipoprotein measured with a pyrenyl phospholipid proker. J. Bio- human apolipoprotein E in aqueous solutions and at interfdcdsiol.
chem.186:465—-471. Chem.260:16375-16382.

Vauhkonen, M., and P. Somerharju. 1989. Parinaroyl and pyrenyl phosZhang, F., F. Kamp, and J. A. Hamilton. 1996. Dissociation of long and
pholipids as probes for the lipid surface layer of human low density very long chain fatty acids from phospholipid bilayeBiochemistry.
lipoproteins.Biochim. Biophys. Acte084:81—-87. 35:16055-16060.



