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Parinaroyl and pyrenyl phospholipids as probes for the lipid
surface layer of human low density lipoproteins
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A simple protocol employing lipid transfer proteins was developed to Izbel human low density lipoprotein (LDL) in =
controlled manner with p | and pyrenyl phosphatidylcholi In order to study the lipid fluidity in the surface
lipid layer of LDL, the temperature-dependence of both polarization (parinaroyl probes) und excimer to monomer
(E /M) iniensiiy ratio (pyrenyi probes) were analyzed. A series of pyreny! phospt {choti ining a pyrenyl
fatty acid varying from 6 to 14 carbons in length at the sn-2 position were inserted into LDL to investigate the lateral
distribution of different i in the lipoprotein surface at 37°C. Both polarization and E/M vs.

it di in the region of 22-32°C, which coincides with the melting of the neutral
lipid core, indicating lhat the latter induces an ordered to more disordered phase transition in the surface lipid layer.
Determination of the E/M intensity ratio as a function of pyrene lipid concentration in LDL showed a linear

relationship for the pyrenyl b and species, wh a slope di inuity was observed for the lipids
containing a longer pyrenyl chain. These data suggest that two lipid with distinct prop exist in the surface
luyer and secolldly pyvenyl lipids partiti these domains in a chai dent manner. This is

of the tryp to pyrene enmergy transfer efficiency vs. pyrenyl lipid concentration,

which showed a biphasic relationship for the long-chain pyrenyl lipids. These measurements further indicate that two
surface lipid domains correspond to the protein-lipid boundary and the bulk lipid phase, respectively. The fact that
relatively small changes in chainlength have a marked influence on the partitioning of pyreny! lipids between ilie
boundary and the bulk phase suggests also that native phospholipid species may not be randomly distributed in the

surface lipid layer of LDL.

Introduction

LDL represems the end product of the intravascular
1i ion of very low
densuy llpoprotem pamcles secre(ed from the liver [1].

apoB-100, B-100; LDL, human low
density i in; PC, i cis-PnAPC. 1-
palmitoyl,2-cis-pariaroyl (cis,trans,trans,cis-9,11,13,15-octadecatetra-
ellou: amd) phospkatidylcholine; rrans-PnAPC, I-pnllmloyl 2-teans-
1 (al:
{

LDL is the major carrier of plasma cholesterol and its
concentration in plasma is positively correlated with the
incidence of coronary heart disease [2). The LDL par-
ticle consists of an apolar core of cholesterol esters and
triacylglycerol surrounded by a monolayer of phospho-
lipids and free chol as well as i ated pro-
tein [3,4). The major phospholipids in LDL are
phosphatidyicholine (65%) and sphingomyelin (25%) and
the ratio of cholesterol to phospholinid is close to unity
in the surface layer [S). The protein moiety of LDL
consists of a single, high-molecular weight (M, 512.937)

9,11,13,15- ic acid) phosphatidyl
cholme. Pyr,PC, l-palvmmyLZ pyrenyl (Co-C4 acyh) phosphal dyl-
choline; SM, SC, ial scanning y:
PC-TP, phosphatidylcholine-specific transfer protein; E/M, excimer-
to-monomer fluorescence intensity ratio; RET, resonance energy
transfer; HPLC, lugh -pressure llq\nd chrom:logmphy, PA, phospha-
tidic acid; TPE,

B
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glycop [6,7). apoB-100, which probably interacts
with: the lipid components through several amphipathic
peptide domains {8-11}.

Despite extensive studies, the structures and interac-
tions b the p of LDL are
not fully understood. For instance, it remains con-
troversial whether the thermotropic transition of the
neutral lipid core occurring at around 30°C [12,13] is
reflected in structural and dynamic properties of the
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surface lipid layer [14-17]. Furthermore, the lateral
organization of the various lipid species in this layer
remains unclear.

In the present study we descri in detail a method
to introd fluorescent holipid i into
LDL in order to mvesugate the properties of the surface
lipid layer. PC and SM analogues containing either a
cis- or trans-parinaroyl chain (cis-PnAPC and trans-
PnAPC) or a pyrenyl acyl chain of variable length
(Pyr PCs and Pyr,,SM) were used to probe the surface
lipid layer of LDL, because (i) these probes have been
extensively characterized in model systems [18-26]); (ii)
they are expected to mimic closely the behavior of their
natural counterparts and (iii) their spectroscopic prop-
erties make them suitable for study, e.g., dynamics and
lateral distribution of phospholipids. The results show
that melting of the neutral-lipid core decreases the order
and/or increases the dynamics abruptly in the surface
lipid layer, probably by inducing a phase transition.
Secondly, the behavior of the pyrenyl lipids indicate
that two distinct domains exist in the surface layer and
these domains most likely represent the annulus around
the lipid-associating segments of apoB-100 and the bulk
lipid phase, respectively. The fact that relatively small
structural differences markedly influence the partition
of the probes between the domains suggests that the
natural phospholipid species may also tend to segregaie
in surface lipid layer of LDL.

Materials

Preparation of LDL

Human LDL (density = 1.019-1.063 g/ml) was ob-
tained from the plasma of a rasv.ed nonnohpemxc single
donor by ial ul by gel
chromatography on a Bio-Gel A15-m column as previ-
ously described [6]. Using sodium dodecylsulfate-poly-
acrylamide gel electrophoresis of the LDL preparation,
apoB-100 migrated as a single band. Electron micro-
graphs of negatively stained LDL preparation displayed
a homogeneous population of particles with mean diam-
eter of 25 nm. LDL cortained protein (22% of dry
weight), phospholipid (22%), free cholesterol (8%),
cholesterol ester (37%), and triacylglycerol (11%). LDL
was stored at +4°C in the dark and used within 4 days
after isolation.

Lip/ds

Tri henylphosphatidylethanol (TPE) was
obtained from Slgma cis-Parinaric acid was isolated
from the seed kerncls of Parinarum glaberrimum and
trans-parinaric acid was either prepared from cis-
parinaric acid, as described by Sklar et al. [27], or was
obtamed from Molecular Probes 1. Pa]mnoyl 2-ole-
o idylcholine and hatidylcholines con-
(amlng enher a cis- or trans- pannamyl or pyrenyl acyl

(5-13 methylene units) moiety in the sn-2 position were
synthesized from 1-palmitoyl-sn-glycero-3-phospho-
choline and the corresponding fatty acid anhydrides as
described previously [23,28]. The lipids were purified
with HPLC using a Merck Lichrospher silica gel col-
umn and, when necessary, were further purified with
reverse-phase HPLC [28]. PA was prepared from egg
PC by phospholipase-D-catalyzed hydrolysis [30].

Transfer proteins

PC-TP and the nonspecific transfer protein from
bovine liver were provided by Dr. K.W.A. Wirtz and his
colleagues (Department of Biochemistry, University of
Utrecht). The proteins were stored at —20°C in 50%
glycerol solution.

Methods

Preparation of donor vesicles. Negatively charged
donor vesicles consisted of Pyr, PC or PnAPC (50 mol%),
PA (40 mol%), and TPE (10 mol%). TPE was used as &
quencher of pyrene and parinaric acid fluorescence [31].
Small unilamellar donor vesicles were prepared by in-
Jjection of the lipids dissolved in ethanol into the buffer
with a spring-loaded syringe {32]. The volume of ethanol
was always less than 1% of the final volume.

Labeling of LDL with fluorescent phospholipids.
Quenched donor vesicles containing up to 20 nmol of
Pyr,PC and PnAPC species were prepared in 1 ml of
buffer containing 20 mM Tris-HCl, 90 mM NaCl, 1
mM EDTA (pH 7.4). After incubation for 10 min at
37°C, 1.8-3.7 pg of PC-TP and LDL (150 nmol of
phospholipid) were included and the incubation was
continued for 1-2 h at 37°C. This was sufficient to
equilibrate the fluorescent lipids between the donor
vesicles and LDL as evidenced by a leveling off of the
pyrene or the parinaric acid fluorescence intensity (see
below). Pyr,,SM-labeled LDL was prepared similarly,
but the nonspecific transfer protein (3-5 pg) was used
instead of PC-TP and cardiolipin replaced PA in the
donor vesicles.

Separation of labeled LDL from the negatively
charged donor vesicles was accomplished by modifying
a method previously used to incorporate fluorescent

hospholipids to transfer proteins [33). 1 ml of the
mcubauon mixture was applied on to a DEAE-cellulose
column (0.5X% 1.5 cm) and eluted with 3 ml of the
incubation buffer at 22° C. The concentration of Pyr, PC
or PnAPC in the eluted LDL fraction was assayed from
the probe fluorescence intensity after addition of sodium
deoxychotate (final concn. 1.0%, w/w). The LDL con-
centration was d d by tryptopl

intensity measurement after sodium deoxycholate ad-
dition. Control experiments showed that solubilization
of LDL abolishes quenching of apoB-100 tryptophan
fl by the fl lipids. The recovery of




LDL is dependent on the donor vesicle concentration in
a manner suggesting 1:1 binding of LDL to the charged
vesicles and consequent trapping to the column. This
makes the present method unsuitable for extensive re-
placement . of the LDL phospholipids by exogenous
ones, since the requisite donor/LDL ratics would result
in low recovery of LDL. Based on the determination of
the relative binding constants for the probes and LDL
PC indicated that less than 0.2% of the probe molecules
are bound to the eluted transfer protein and thus their
contribution to the total fluorescence signal is consid-
ered negligible.
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intensity of the Pyr PCs when incorporated to LDL
[34}:

To=[Taoo/Thax = €8 /¢35 ) [ef /€650 ]

where [ is the ﬂuorescence mlensny of pyrene. I was

d at two ie. 343 nm at which
wavelength tryptophan does not absorb, and 290 nm,
which is close to the absorption maximum of tryptophan.
€ and € represent the molar absorption coefficients
of pyrenyl and tryptophan residues. Values of 3469,
42000 and 3925 were used for ejy. €y and €%,

Diffe - : 1

try. A Privalov DASM-4
differentiai scanning calorimeter at full-scale sensitivity
of 0.2 mcal /s and heating rate of 1.0 C°/min was used.

Fluorescence Fl i it Y-
were obtained using a Hnachl F 4000 sp fl -
eter equipped with a cuvette holder thermoslated to
37°C and excitation and emission slits adjusted to 1.5
and 10 nm, ively. E: i gths were

343, 322 or 318 nm for Pyr' PCs, cis- and trans-PnAPC,
respectively. The emission of PnAPC was recorded at
420 nm and that of pyrene monomer (M) and excimer
(E) at 378 and 500 nm, respectively. Both the fluores-
cence polarization values of the PnAPC and the mono-
mer and excimer fluorescence intensities of PyrPC were
corrected for a small background due to the LDL
particles and buffer. The buffer was pre-equilibrated at
37°C with air (for Pyr, PCs) or with argon (for PnAPCs).
ApoB 100 tryptophans were excited at 290 nm and the
was at 330 nm.

The efficiency (7;) of resonance energy transfer
(RET) from apoB-100 tryptophan donors to the pyrenyl
acceptors was determined from the increased excitation
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Fig. 1. Kinetics of transfer of PyrPC from quenched donor vesicles to
LDL. Insertion of pyrenyl phospholipid (Pyr,cPC) into LDL was
followed by measurement of pyrene monomer fluorescence intensity
at 378 nm using 343 nm for excitation. Fluorescence of (A): quenched
donor vesicles (PyrioPC/egg PC/PA/TPE, 4:14:15:3.3 nmol) in the
presence of (B): LDL (150 nmo! phospholipid) and (C): PC-TP (1.4

#g). The temperature was 37°C.

1 ml samples contained 44 mg of LDL in the buffer
mentioned above.

Chemical assays. Phosphate was determined as de-
scribed by Bartlett [35] and protein was measured
according to Lowry et al. [36] in the presence of 0.1%
{w/w) sodium dodevyl sulfate.

Results

Labeling of LDL with fluorescent phospholipids

Transfer of the probes ircm the quenched donor
vesicles can be readily followed as the probe fluores-
cence increases typically 20-50-fold upon insertion to
LDL (Fig. 1). Under the conditions used, the equi-
librium was practically reached after 36-60 min incuba-
tion as evidenced by leveling off of pyrene monomer
fluorescence intensity. Labeled LDL can be easily sep-
arated from the negatively charged donor vesicles on a
small anion-exchange column. Fig. 2 shows that trap-
ping of the donor vesicles efficiently to the column,
while maintaining a good recovery of LDL, was achieved
with a NaCl concentration of 90-100 mM. Accordingly,
NaCl concentration was adjusted to 90 mM in the
labeling experiments proper. Some pyrene fluorescence
eluted with LDL at low NaCl concentrations (Fig. 2).
This is probably due to a small number of donor
vesicles leaking from the column. It was, however,
calculated that less than 1 donor vesicle per 1000 LDL
particles elutes from the column with the 90 mM NaCl
buffer so that the donor vesicle contamination of the
LDL fraction is negligible.

Thermotrapic properties of the surface lipid layer

Prior to the study of the thermotropic phenomena in
LDL surface, DSC of the isolated LDL was carried out.
DSC measurement showed (Fig. 3) an endotherm be-
tween 24 and 39°C with a midpoint at 32°C and an
enthalpy of 0.68 cal/g of LDL cholesterol esters, which
are in with previous}; blished data [13].
Plots of emission pol 1atio vs. temp for
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Fig. 2. Separation of LDL from negatively charged donor vesicles.
LDL (150 nmol phospholipid) was incubated at 22°C for 5 min with
small unilamellar Pyr,gPC/egg PC/PA (1:59:40, molar, ratio) donos
vesicles (10 nmol phospholipid) in 1 ml of a buffer containing 25 mM
Tris-HCI. 1 mM EDTA (pH 7.4) and varying concentrations of
sodium choride. The samples were then chromatographed on a small
DEAE-column and the recovery of LDL (open circles) and donor
vesicles (solid circles) in the eluent was determined by tryptophan and
pyrene fluorescence, respectively, as specified under Methods. Data
from a single experitaent are shown but practically identical profiles
were obtainzd reproducibly.

cis- and trans-PnAPC in LDL are shown in Fig. 4A.
The trans-PnAPC plot displays two slope d inui
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Fig. 4. of ratio of PRAPC and
E/M intensity ratio of PyrPC probes in LDL. Fluorescent phos-
pholipid probes were incorporated into LDL by PC-TP mediated
exchange as described under Methods. After separation of the labeled
LDL from the donors, each sample was cooled to 10°C and then
heated at a rate of 1.5 C°/min to 50°C. Each sample contained 120
nmol LDL phospholipid in 3 ml of the buffer. The probe concentra-
tion in LDL was approx. 1 mol% of total phospholipid. (A): The

ties at 22 and 32°C while a single breakpoint is found
at 24° C for cis-PnAPC. The E/M intensity vs. temper-
ature plot for PyroSM, PyroPC (Fig. 4B) and other
Pyr,PC probes (data not shown) displayed a slope
discontinuity close to 32°C. These findings indicate
that an abrupt change(s) in the order and /or dynamics
of the surface lipids of LDL takes place at 22-32°C,
which coincides with the thermotropic transition of the
neutral lipid core determined by DSC. The results sug-
gests that the change detected in the surface layer by the

ratio (0/90°) of trans-PnAPC (a) and cis-PnAPC (b)
fluorescence. (B): E/M fluorescence intensity ratio for Pyr;oPC (a)
and Pyr)qSM (b). The arrows indicate the peak of the endothermic
transition of the core lipids determined by DSC. The lines through
data points represent the best fits of regression analysis with correla-
tion coefficient r > +0.995.

id probes is a of the core melt-
ing. This lusion is i with the ab: of
slope discontinuities in E/M vs. temperature plots for
PyroPC in vesicles of LDL phospholipids and
cholesterol in 3 :2 molar ratio (data not shown).

Lateral distribution of the PyrPC species in LDL

The E/M ratio as a function of probe concentration
was determined to study the lateral distribution of the
Pyr,PC species incorporated in LDL surface at 37°C
(Fig. 5). The E/M ratio increased linearly with probe
concentration for PyrgPC and Pyr,PC, while biphasic
plots were obtained for Pyr,,PC, Pyr,,PC, and Pyr;,PC
probes. Since linear plots are expected ia the case of
random distribution [37], these results indicate that the
long-chain pyrenyl lipids are not randomly distributed,
but that they partition preferentially to one of at least
two distinct phases existing in the surface layer of LDL.
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Fig. 3. Di scanning y of LDL. The No di
transition shows melting of LDL core cholesteryl esters with peak
transition at 32° C. The transition enthalpy is 0.68 cal /g of chol vl

were observed in the E/M vs. Pyr, PC
plots obtained for each probe in vesicles

ester. Heating rate was 1 C°/min.

consisting of LDL phospholipids and ct (3:2
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Fig. 5. E/M fluorescence intensity ratio vs. PyrPC concentration in
LDL. LDL was labeled to a varying extent with Pyr PC species.
separated from the donor vesicles and the E/M ratio was determined
at 37°C as indicated . Methods. The plots intersect the y-axis at
zero, but for clarity the plots have been displaced upwards by an
arbitrary unit. Symbols: () PyrePC; (O) PyrzPC: (O) Pyr,,PC: (W)
Pyr;,PC; and (a) Pyr)4PC. Each linear scgm:m represents the best fit
froma ion analysis with a ; fficient r > 0.985.

molar ratio; data not shown) suggesting that the hetero-
gencity of the LDL surface lipid layer is related to the
presence of the apoB-100 protein.

The lateral distribution of the probe phospholipids
was further investigated by measuring the average ef-
ficiency of RET (7;) from the tryptophan residues of
apoB-100 to the pyrene moiety of the probes incorpo-

o 2 4 6 8
[PyrPc] mol
Fig. 6. Efficiency of sensitized energy transfer from apoB-100 tryp-
tophans to PyrPCs in LDL. Average RET efficiency (T;) per single
tryptophan residue of apoB-100 vs. Pyr,PC concentration in LDL
was calculated as described under Methods. The temperature was
37°C. Symbols: (8) Pyr,PC: (0) PyryPC; (O) PyryoPC; (W) Pyr,,PC;
and (a) Pyr“PC Each linear segment represents the best fit from a
analysis with a ient 7 < —0.986.
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rated to LDL (Fig. 6). T, was linearly dependent on
Py, PC and Pyr,PC concentration, while biphasic plots
were observed for Pyr,,PC. Pyr,,PC and Pyr ,PC. This
and the fact that the discontinuities coincide closely
with those observed for the E/M plots suggest that two
distinct lipid domains exist in the surface layer of LDL.
In addition, because 7, is strongly dependent on the
donor-acceptor distance {34], the RET plots indicate
that one of the two phases correspond to the boundary
around the lipid-interacting segments of apoB-100
(tryptophans) and the other bulk lipid surface, respec-
tively. Secondly, the long-chain probes appear to parti-
tion preferentially to the boundary phase.

Discussion

The rapid and simple protocol for labeling of LDL
with PnAPCs and Pyr PCs developed here was based
on the facts that LDL phosphatidylcholine molecules
are readily available for PC-TP mediated exchange [38]
and that PC-TP can efficiently transfer PnAPC and
PyrPC species {22,31.39). Minimal perturbation of the
lipoprotein surface is likely to occur. since the probes
are structurally similar to the endogenous phospholipids
and the amount of LDL phospholipid remains un-
changed because, when used in catalytical amounts,
PC-TP mediates exchange rather than net transfer [40].
Also, the protein shou!d release the labeled lipid only
into domains where it can be exchanged for another
phospho id molecule.

It is w“ll-es:abhshed that the n«:ulral llpld core of
LDL undergoes a ther 20
and 40°C with the midpoint al 30-32°C [12,13]. Thus
the DSC data reported herz (Fig. 3) are consistent with
the previous results. The slope discontinuities observed
both in the polarization ratio and E/M vs. temperature
plots (Fig. 4) clearly indicate that this transition has a
marked influence on the order and/or dynamics of
phosphotipid acyl chains in the surface layer. One dis-
continuity was found for cis-PRAPC (at 24°C) and two
for trans-PnAPC (at 22 and 32°C). This suggests that
an ordered to more disordered transition occurs in the
surface lipid iayer as a consequence of core melting,
since ¢is-PnAPC (and cis-PnA) and trans-PnAPC (and
traas-PnA) are known 1o be sensitive to the onset of
formation of a fluid phase, while the trans-derivatives
also detect the disappearance of the last solid domains
due to their preferential partitioning to the gel phase
and the high quantum yleld in such a phase [18—20 4l]

Both the sphingomy and ph
pyrenyl probes display a single d:sconunuuy at 30-32°C
(Fig. 4B). This temperature is higher than expected,
since at least Pyr,,PC is known to partition piefer-
entially to the fluid phase when fluid and solid
phospholipid domains coexist {24]. Accordingly, one
would presume that the pyrenyl probes respond mainly
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to the onset of the transition similarly to cis-PnAPC
which also shows a slight preference for the fluid phase
[19.20]. However, the surface layer of LDL consists of a
variety of phospholipid species, chol 1 and protein
and thus the partitioning of the pyrenyl probes may be
considerably different from that in simple phospholipid
bilayers.

Previously, Laggner and Kostner {14] have detected
an abrupt change in the order of the LDL surface at
28-30°C by the use of spin-labeled fatty acids and
suggested that a phase transition takes place in the
surface layer as a consequence of the core melting. Also,
Mn?* binding to LDL displays discontinuities at 20 and
30°C [42] This supports the occurrence of a phase
transition in the surface lipid layer, since ion binding to
phospholipid surfaces is known to be sensitive to the
phase state [43]. In contrast, cis- [16] and trans-parinaric
[15,17] acid fluorescence polarization have been re-
ported to be unresponsive to the melting of the core
which may be due to location of these probes in lipid or
even protein domains which are not affected by the
transition of the LDL core. In some protein-lipid sys-
tems fatty acids (and sterols) have been shown to gain
access to sites not available for phospholipids {44,45).

The present data (Figs. 5 and 6) strongly suggest that
there are at least two distinct domains available for the
Pyr,PC probes in the surface layer of LDL. On the
basis of the RET data (Fig. 6) we suggest that these
domains correspond to the protein-lipid boundary and
the bulk lipid, respectively. Partition of the probes
between these phases is clearly hainlength-d

surface may disturb LDL metabolism, e.g., by decreas-
ing the affinity of binding of LDL to its cellular recep-
tor. In fact, it has been shown [52] in a human study
that an increased proportion of saturated fatty acids in
LDL cholesteryl esters decreases the fractional catabolic
rate of apoB-100. The mechanism(s) by which a refa-
tively more solid LDL surface might disturb LDL
metabolism remains elusive. However, specific apoB-
100--phospholipid interactions probably exist in LDL,
evndenced by results that perturbation of the surface
yer by phospholip
[53] ch ges the pitopes and tertiary struc-
ture of apoB-100. On the other hand, as suggested in
the presenl study, LDL phospholipids fnay tend to
ly on the lipoprotein surface. Thes, it is
concelvable that a relatively more solid LDL core at
ins the surface lipids
m a more ordered state and affects their lateral distri-
bution and lipid-lipid and lipid-apoB-100 interactions,
which may mdu'ectly alter apoB-100 conformation and
ly impair the ition of the lj
by its receptor.

Acknowledgements

We are grateful to Prof. K W A. Wirtz and his col-
leagues who generously p d the transfer p
and to Prof. J. Eisinger and Drs. M. Sassaroli and Juha
Perkkio for helpful discussions. This study was sup-
ported by grants from the Finnish Academy, Ida Montin

so that p for the t dary phase i
with increasing length of the pyrenyl chain. Interest-
ingly, it has been observed in model systems [46] that
gle-chain pyrenyl ds distribute in a chain-
length-depend manner b the b, dary of
(Ca®* + Mg?*)-ATPase and the bulk lipid phase; also,
in this case, the long-chain compound showed much
higher affinity to the boundary as compared to the
short-chain ones. Thus, preferential association of
{ong-chain pyrenyl compeunds with protein boundaries
may be a gene:al phenomenon. The fact that relatively
small changes in length) of pyrenyl
phospholipid molecule can have a mnsnderable effe
on its partitioning suggests that the ph id

d and Farmos Research Foundation.

References

1 Goldstein, J.L. and Brown, M.S. (1977) Annu. Rev. Biochem. 45,
897-930.

2 Brown, M.S. and Goldstein, J.L. (1983) J. Clin. Invest. 72, 743-747.

3 Atkinson, D., Deckelbaum, R.J., Small, D.M. and Shipley. G.G.
(1977) Proc. Natl. Acad. Sci. USA 74, 1042-1046.

4 Shen, B.W., Scanu, A.M. and Kézdy, F.J. (1977) Proc. Natl. Acad,
Sci. USA 74, 837-841.

5 Skipski, V.P. (1972) in Blood Lipids and Lipoproteins: Quanti-
tation, Composition, and Metabolism, (Nelson, G.J., ed.), pp.
471-583, Wiley-Interscience, New York.

6 Vauhkonen, M., Viitala, J., Parkkinen, J. and Rauvala, H. (1985)
Eur. I Biochem. 152, 43.-50.

7

cholesterol surface of LDL may be laterally inhomoge-
neous because native phospholipid species have consid-
erable structural variation [47].

The temperature-dependent core-surface interaction
observed previously {14,42] and in this paper may have
clinical significance because, as shown in animal {48-50]
and human [51] studies, a diet rich in cholesterol and /or
saturated fatty acids raises the melting temperature of
LDL core, which may change the lipid order and dy-
namics in the lipoprotein surface even at physiological
temperatures. Consequently, changes in the lipoprotein

M. (1986) Glycoconj. J. 3, 35-43.

8 Cladaras, C., Hadzopoulou-Cladaras, M., Nolte, R., Atkinson, D.
and Zannis, V. (1986) EMBO J. 5, 3495-3507.

9 Knott, T.J., Pease, R.J., Powell, L.M., Wallis, 8.C., Ral}, S.C. Jr,
innerarity, T.L., Blackhart, B., Taylor, W.H., Marcel, Y., Milne,
R., Johnson, D., Fuller, M., Lusis, A.J., McCarthy, B.J., Mahley,
R.W., Levy-Wilson, B. and Scott, J. (1986) Nature 323, 734-738.

10 Law, S.W,, Grant, S.M., Higuchi, K., Hospattankar, A., Lackner,
K., Lee, N. and Brewer, H.B,, Jr. (1986) Proc. Nail. Acad. Sci.
USA 83, 8142-8146.

11 Yang, C-Y., Chen, S-H., Gianturco, S.H., Bradley, W.A., Sparrow,
J.T., Tanimura, M., Li, W-H., Sparrow, D.A., DeLoof, H., Ros-
seneu, M,, Lee, F-S., Gu, Z-W,, Gotto, AM., Jr. and Chan, L.
(1986) Nature 323, 738-742,



12 Deckelbaum, R.J., Shipley, G.G., Small, D.M., Lees, R.S. and
George, P.X. (1975) Science 190, 392-394.

13 Deckelbaum, R.J., Shipley, G.G. and Small, D.M. (1977) J. Biol.
Chem. 252, 744-754.

14 Laggner, P. and Kostner, G.M. (1978) Eur. Jj. Biochem. 84,
227-232.

15 Sklar, L.A., Doody, M.C., Gotto, AM., Jr. and Pownall, H.J.
(1980) Biochemistry 19, 1294-1301.

16 Sklar, L.A., Craig. LF. and Pownall. H.J. (1981) J. Biol. Chem.
256, 4286-4292.

17 Smutzer, G. (1988) Biochim. Biophys. Acta 958, 323-333.

18 Sklar, L.A., Miljanich, G.P. and Dratz, E.A. (1979) Biochemistry
18, 1707-1716.

19 Welti, R. (1982) Biochemistry 21, 5690-5693.

20 Weldi, R. and Silbert, D.F. (1982) Biochemistry 21, 5685-5689.

21 Goins, B. and Freire, E. (1985) Biochemistry 24, 1791-1797.

22 Massey, J.B., Hickson-Bick, D., Via, D.P., Gotto, A.M., Jr. and
Pownall, H.J. (1985) Biochim. Biophys. Acta 835, 124-131.

23 Somerharju, P.J., Virtanen, J.A.. Eklund, K.K., Vainio, P. and
Kinnunen, P.K.J. (1985) Biochemistry 24, 2773-2781.

24 Jones, M.E. and Lentz, B.R. (1986) Biochemistry 25. 567-574.

25 Hresko, R.C., Sugir, L.P., Barenholz, Y. and Thompson, T.E.
(1986) Biochemistry 25, 3813-3823,

26 Hresko, R.C., Sugar, LP., Barenholz. Y. and Thompson. T.E.
(1987) Biophys. J. 51, 725-733,

27 Sklar, L.A., Hudson, B.S. and Simon., R.D. (1977) Biochemistry
16, 5100-5108.

28 Gupta, C.M., Radhakrishan, R. and Khorana, H.G. (1977) Proc.
Natl. Acad. Sci. USA 74, 4315-4319.

29 Patton, J.M., Fasulo, J.M. and Robins, S.J. (1982) J. Lipid Res. 23,
190-196.

30 Davidson, F.M. and Long, C. (1958) Biochem. J. 69, 458-466.

31 Somerkarju, P.J., Van Loon, D. and Wirtz, K.W.A. (1987) Bio-
chemistey 26, 7193-7199.

32 Kremer, JM.H., Van der Esker, M.W.J., Pathmomanohoram, C.
and Wiersema, P.H. (1977) Biochemistry 16, 3932-3935.

33 Van Paridon, P.A., Visser, AJW.G. and Wirtz, KW.A. (1987)
Biochim. Biophys. Acta 898, 172~180.

87

34 Stryer. L. (1978) Annu. Rev. Biochem. 47, 819-846.
35 Bartlett, G.R. (1959) J. Biol. Chem. 234, 466-468.
36 Lowry. O.H.. Rosebrough. N.I, Farr, AL. and Randall. RJ.

(1951) J. Biol. Chem. 193, 265-275.
37 Galla, H-J. and Sackman, E. (1975) J. Am. Chem. Soc. 97.
4114-4120.

38 Jackson, R.L., Westerman, 1. and Wirtz, K.W.A. (1978) FEBS
Lett. 94, 38-42.

39 Somerharju. P.. Brockerhoff. H. and Wiriz. K.W.A. (1981) Bio-
chim. Biophys. Acia 649, 521-528.

40 Helmkamp. G.M.. Jr. (1980) Biochem. Biophys. Res. Commun. 97.
1091-1096.

41 James. D.R.. Turnbull, J.R.. Wagner, B.D., Ware, W.R. and
Petersen, N.O. (1987) Biochemistry 26, 6272-6277.

42 Herak, JN.. Pifat, G.. Brajas-Kraljevic. J.. Knipping, G. and
Jurgens, G. (1984) Biosci. Rep. 4, 559-564.

43 Ceve, and Marsh, D. (1987) Phospholipid Bilayers: Physical
Principles and Models. Wiley-Interscience, New York.

44 Simmonds, A.C.. East. JM.. Jones. O.T., Rooney, EK., Mc-
‘Whirter. J. and Lee. A.G. (1982) Biochim. Biophys. Acta 693,
398-406.

45 Jones, O.T. and McNamee, M.G. (1988) Biochemistry 27.
2364-2374.

46 Jones. O.T. and Lee. A.G. (1985) Biochemistry 24, 2195-2202.

47 Stubbs. C.D. and Smith, A.D. (1984) Biochim. Biophys. Acta 779,
89-137.

48 Tall, A.R.. Atkinson. D.. Small. D.M. and Mahley. R.W. (1977) J.
Biol. Chem. 252, 7288-7293.

49 Tall, A.R., Small, D.M., Atkinson, D. and Rudel, L.L. (1978) 3.
Cii nvest. 62, 1354-1363.

50 Kroon. P.A. and Seidenberg, J. (1982) Biochemistry 21, 6483-6488.

St Pownall, HJ., Shepherd, J.. Mantulin, W.W., Sklar. L.A. and
Gotto. A.M.. Jr. (1980) Atherosclerosis 36, 299-314.

52 Thompson. G. and Siguurdson. G. (1974) Circulation 111 272,
1051,

53 Kleinman, Y., Krul, ES.. Burnes, M.. Aronson, W., Pfleger, B. and
Schonfeld. G. (1988) J. Lipid Res. 29, 729-743.




