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The integrity and the surface charge distribution of native low density lipoprotein (LDL) are
prerequisites of its binding to the LDL receptor. Oxidation i1s one of the most important
physiological effects resulting in an altered structure and metabolism of LDL. To reveal forces
responsible for maintaining the intact structure of LDL in the absence of cells we have
determined the kinetics of lipid peroxidation, changes in electrophoretic mobilities and size
distributions of LDL samples as a function of Cu*™* induced oxidative modification in a cell-
free system at two different (50 mM and 150 mM) ionic strengths by electrophoretic and
dynamic light scattering. Our data show that the lipid peroxidation is almost complete before
LDL is degraded at 50 mM while a slight extent of lipid peroxidation is enough to result in the
same effect at 150 mM. These suggest that both ionic and hydrophobic interactions are
necessary to maintain the integrity of the LDL molecule. ¢ 1995 acasemic press, ine.

The elevated level of circulating cholesterol is one of the most important nisk factors for
atherosclerosis. Cholesterol is carried in the plasma mainly by the low density lipoprotein
(LDL). In the last decade. a series of remarkable studies (1-4) has demonstrated that oxidation
of LDL is an important in vivo phenomenon with potential to explain the chain of events
leading to the development of atherosclerosis. Several methods are used to monitor in vitro
oxidation of LDL. The parameters measured are mainly correlated with lipid peroxidation: e.g.
thiobarbituric acid reactive substances (TBARS), conjugated dienes, aldehydes, etc. Only a few
attempts have been made to describe time course of changes in the whole LDL molecule as a
consequence of oxidation (2,5,6), and in most cases the fully oxidized state has been compared
to the native one. Increased content of malondialdehyde (MDA) and conjugated dienes,

increased fluorescence, electrophoretic mobility and tendency to aggregate, degradation of the
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apoprotein part of the molecule have been reported to be the main chemical and physico-
chemical features of oxidized LDL (cf. reviews of Esterbauer et al. (3) and Steinberg (4) and
refs. herein).

LDL is an oily droplet containing a core of hydrophobic cholesterol esters and a monolayer of
phospholipids and free cholesterol covering about 70% of the surface. The remaining 30% of
the surface is covered by a huge apoprotein (apoB) stabilizing the particle in the aqueous phase
of the blood (7-9). Mapping apoB by immunoelectron microscopy showed its extension over
at least a hemisphere of the LDL surface (10). Based on a detailed analytical ultracentrifugation
study of LDLs containing C-terminally truncated apoB fragments, Spring et al. (9) suggested
that apoB penetrated the surface monolayer to make direct physical contact with the

hydrophobic lipid core to complement phospholipids and cholesterols.

In light of these findings the aims of our study were (i) to identify non-covalent interactions
responsible for maintaining the integrity of LDL particle as a whole and (i1) to contribute to the
physico-chemical characterization of changes occurring during in vitro oxidation of LDL in the

absence of cells.

MATERIALS AND METHODS

Isolation of LDL

LDL was isolated by preparative ultracentrifugation from freshly coliected normal human
plasma containing anticoagulant. Plasma was adjusted to a density of 1.4 g/ml by addition of
NaBr. 10 ml of 1.4 g/m] plasma was centrifuged in a VTi 50 rotor (Beckman Instr. Inc.,
California, USA) at 45,000 RPM for 3.5h at 4 °C in a density gradient formed from 5 ml 1.3
g/ml NaBr and 24 ml 1.006 g/ml NaCl solutions. After centrifugation the LDL samples were
dialyzed against either 50 mM phosphate buffer, pH 7.4 or 50 mM phosphate buffer containing
100 mM NaCl, pH 7.4, for 36 hours with four changes of buffer.

Modification of LDL

After dialysis the LDL was filtered through a 0.22 um pore-size filter to remove insoluble
aggregates formed during the dialysis and to sterilize the solution. The protein concentration
was measured by Lowry method with BSA as standard (11). Oxidation was initiated in 0.8
mg/ml solutions of LDL by addition of 3 pM CuCly and followed by incubation at 37 °C for

various period of time. Control samples were kept either at 5 or 37 °C, without CuCls.

Characterization of LDL
Native and modified forms of LDL were characterized by the following procedures:

1. Measurement of electrophoretic mobility and particle size distribution of modified and
native LDL was carried out by electrophoretic and dynamic light scattering with an Photal
Otsuka Electronics ELS 800 apparatus. In electrophoretic light scattering experiments the
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Doppler shift of the incident light was detected by heterodyne method and analyzed as
described by Oka et al. (12). using the software provided by Otsuka Electronics. In dynamic
light scattering experiments the autocorrelation functions obtained by High Speed Full
Correlator Unit (Photal Otsuka Electronics, Japan) were analyzed by cumulant (13) and
histogram methods. The intensity-, weight- and number-averages of Stokes' radi were
calculated from the respective diffusion coefficients. Data were processed on a Compaq
Deskpro 286e computer using the software provided by Photal Otsuka Electronics, Japan.

2. Concentrations of thiobarbituric acid reactive substances (TBARS) in LDL samples were
determined according to Placer et al. (14).

RESULTS AND DISCUSSION
Altogether 11 samples were analyzed and compared at two different ionic strengths. Fig. 1A
and 1B show the results of electrophoretic light scattering experiments measured at 50 mM

and at 150 mM ionic strength respectively. In accordance with the theoretical calculations (16)
native LDL has higher electrophoretic mobility at S0mM  [p,=(-1.45+0.20)*10™* cmz/Vsec]
than at 150 mM ionic strength [p0=(—0442i0A12)*10‘4 cm2/Vsec]. The relative
electrophoretic mobility of samples (oxidized/native) - after a transient decrease - increased at
both ionic strengths as a function of incubation time showing that during oxidation the net
negative surface charge of LDL particle is increasing (for review see (17)). This increase is

slightly faster at 150 mM than at 50 mM in the first 10 hours.

The transient decrease in electrophoretic mobility at the beginning of oxidation can be

explained by the introduction of positive charges into the system by addition of Cut™. The
relatively slow compensation of those positive charges due to the oxidative process (Fig. 1A
and 1B), supports that oxidation products may attack (18) and/or convert certain amino acids
like His to Asp and Pro to Glu as suggested by Stadtman (19).

Histogram analysis of dynamic light scattering data provided diameter values of native LDL
from different healthy donors. A significant difference could be detected in the weight-average

Stokes' diameter (dy) of native LDL using buffers of different ionic strength: at 50 mM
dp=16.5£0.1 nm while at 150 mM do=18.6+0.4 nm. At physiological ionic strength this

method resulted in somewhat lower values than those generally accepted in the literature (20-
27 nm; (20-22)). Since apoB is a glycoprotein (23) and either gel electrophoresis or density
gradient centrifugation have been mostly used to measure the size of LDL or apoB (20-23),
those values can be considered as upper limits. However, our data are consistent with those
measured by small angle X-ray scattering (24) which method likewise dynamic light scattering
provides information on the solvated molecule. The smaller hydrodynamic diameter measured
at 50 mM ionic strength indicates that at physiological ionic strength (150 mM) the LDL

molecule has a less compact structure than at low (50 mM) ionic strength.
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Fig. 1. Kinetics of relative electrophoretic mobilities of LDL oxidized by Cu™™ at 50 mM (A)
and at 150 mM (B) ionic strength. p, is the mobility of the sample measured before
addition of Cu™". The open symbols refer to control sample kept at 5 °C without
Cutt

The kinetics of normalized average LDL particle size upon oxidation at 50 mM and 150 mM
ionic strengths obtained by cumulant method are shown in Fig. 2A and 2B respectively. The
time course of the increase of the average size is slightly faster at 150 mM than at 50 mM in

the first 10 hours.

Histogram analysis of the same data provided a more detailed picture: the monotonous increase
in the relative diameter obtained by the cumulant method (13) is a resultant of two different

processes: formation of particles smaller (0.5nm<d<7nm) than the native ones and
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Fig. 2. Kinetics of normalized average hydrodynamic diameter of LDL oxidized by Cuttat
50 mM (A) and at 150 mM (B) calculated by cumulant method . d, is the weight

average hydrodynamic diameter of the native molecule. Open symbols refer to control,
filled symbols refer to oxidized samples.

aggregation. At 50 mM ionic strength the small-sized fraction appears later (4-6 hours) than
at 150 mM (0-3 hours).

Aggregates of LDL with higher diameter could be formed in several different ways: either from
small-sized fractions or from truncated LDL molecules, or from any variations of the above
components. During oxidation apoB is degraded (6), and some of its fragments might

dissociate from the molecule (taking some lipid or not) and leave behind unmasked apolar
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Fig. 3. Kinetics of Cu*™ stimulated oxidation of LDL measured by change of TBARS at 50
mM (*-*) or at 150 mM (A-A) ionic strength; 0-0 , control sample incubated at 5 °C

without Cut™.

patch(es) on the surface. These latter forms of LDL are possible candidates to form huge

aggregates in LDL samples.

The tendency of aggregation as a function of degree of oxidation was the same for all the
preparations investigated by us, but aggregates appeared later at 50 mM than at 150 mM ionic
strength. However, we have to admit that the tme when aggregates became detectable varied
from prep to prep both at physiological (150mM) and at low (50mM) ionic strengths, probably
because of different antioxidant levels of sera obtained from various donors and because of

individual differences in susceptibility to oxidize LDL (3,4,17,25).

The time course of lipid peroxidation as measured by TBARS (Fig. 3) concentrations does not
depend on ionic strength of the buffer. Fig. 3 shows that the extent of lipid peroxidation is

about 90% at the Sth hour and can be considered as complete at the 10th hour after addition of
Cu™. The concentration of TBARS does not change in the first 20 hours in control samples

stored at S °C without Cu™. The lack of well known lag-phase (3,17) in the time course of
formation of TBARS shows that our samples were already oxidized to a slight extent at the

beginning of the experiments, i.e. at the addition of CuCly. Taken altogether, the ionic strength

independence of TBARS reactivity of our samples and the ionic strength dependence of
formation of small-sized fraction suggest that at SO mM ionic strength the lipid peroxidation is

almost complete before LDL is degraded, while at 150 mM ionic strength a slight extent of
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lipid peroxidation is enough to result in the same effect. Thus, one can conclude, that both

ionic and hydrophobic forces are necessary to maintain the native structure of LDL particle.
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