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The Mechanism of Oxidation-Induced Low-Density Lipoprotein
Aggregation: An Analogy to Colloidal Aggregation and Beyond?

Shaohua Xu* and Binhua Lin®
*Department of Medicine and TJames Frank Institute, The University of Chicago, Chicago, lllinois 60637 USA

ABSTRACT Atherosclerosis is a disease initiated by lipoprotein aggregation and deposition in artery walls. In this study, the
de novo low-density lipoprotein aggregation process was examined. Nine major intermediates were identified in two stages
of the aggregation process. In the aggregation stage, low-density lipoprotein molecules aggregate and form nucleation units.
The nucleation units chain together and form linear aggregates. The linear aggregates branch and interact with one another,
forming fractals. In the fusion stage, spatially adjacent nucleation units in the fractal fuse into curved membrane surfaces,
which, in turn, fuse into multilamellar or unilamellar vesicles. Alternatively, some adjacent nucleation units in the fractals
assemble in a straight line and form rods. Subsequently, the rods flatten out into rough and then into smooth ribbons.
Occasionally, tubular membrane vesicles are formed from the fractals. The aggregation stage seems to be analogous to
colloidal aggregation and amyloid fiber formation. The fusion stage seems to be characteristic of the lipid-rich lipoproteins
and is beyond colloidal aggregation and amyloid fiber formation.

INTRODUCTION

Aggregation and deposition of biomolecules are believed t@Belkner et al., 1993; Camejo, 1982), and mechanical pro-
be the underlying cause of many human diseases, includingessing (vortexing) (Khoo et al., 1990).
atherosclerosis, amyloidosis, and stones in the gallbladder We focused our study on how oxidants induce LDL to
and kidney (Kumar et al., 1997). Atherosclerotic plagueaggregate. Oxidative stress is believed to be one of the
formation in human arterial intima is believed to be initiated major factors contributing to the formation of atheroscle-
by the extracellular aggregation and deposition of lipopro-otic plaques. LDL has an average molecular weight of 2.5
teins trapped in the subendothelial matrix because of anillion and consists of a central core of approximately 1600
leakage of the artery (Getz, 1990; Guyton and Gotto, 1992molecules of cholesterol ester and 170 molecules of triglyc-
Hoff et al., 1992; Navab et al., 1996). Structures resemblingrides (Berliner and Heinecke, 1996). The core is sur-
lipoprotein aggregates have been identified in human artecounded by a monolayer of 700 molecules of phospholip-
rial intima (Guyton and Klemp, 1989; Tirziu et al., 1995), ids and 600 molecules of free cholesterol, integrated into
isolated from aortas with minimal intimal thickening, and which there is an amphipathic polypeptide, apoB-100. The
have been found to contain monomeric and aggregatetbtal number of fatty acids in an LDL particle 13000, and
lipoproteins, lipid droplets, and unilamellar and multilamel- ~50% of them are polyunsaturated fatty acids (PUFAS). A
lar vesicles (Tertov et al., 1992; Chao et al., 1990). The lipidrange of reactive oxygen species is generated under physi-
droplets have diameters that range from 30 to 350 nm. ologic and pathophysiologic conditions (Navab et al., 1996;
Conditions that induce the lipoproteins, especially low-Rice-Evans and Bruckdorfer, 1992). When released into
density lipoprotein (LDL), to aggregate in vitro have beenplasma, these oxidants can react with lipoprotein molecules.
studied extensively. These cover a broad range and can beElucidation of the lipoprotein aggregation mechanism
classified into three categories, namely: chemical reagent®quires knowledge of the structure of the intermediates
(CU", H,0,, superoxide, nitric oxide, ¢a, and acidic pH)  formed during the aggregation process. Until now, studies
(Navab et al., 1996; Hoff et al., 1992; Berliner and Hei- of lipoprotein aggregation have relied heavily on transmis-
necke, 1996; Rice-Evans and Bruckdorfer, 1992; Witztumsion electron microscopy (TEM). TEM imaging of lipopro-
and Steinberg, 1991), biochemical reagents (lipoxygenaséein aggregates, either formed in vitro or isolated from the
myeloperoxidase, phospholipase And C, sphingomyeli- atherosclerotic plague, revealed structural features such as
nase, ceramide, proteoglycans, and heparin-gelatin-firound lipid droplets and unilamellar and multilamellar ves-
bronectin) (Xu and Tablas, 1991; Chao et al., 1992; Maoiicles (Tirziu et al., 1995; Guyton and Klemp, 1989; Tertov
and Aviram, 1999; Hakala et al., 1999; Marathe et al., 1999¢t al., 1992; Chao et al., 1990). However, the de novo
process of lipoprotein aggregation has not been elucidated.
It is unclear whether other aggregation intermediates are
generated in the process, but are not detected by electron
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sorbed, dried, or stained, as is required by other imaginglass coverslip was placed on top of the specimen and the epoxy glue just
methods; and (3) the movement of individual colloidal befor.e exposure of the coverslip§ to UV I?ght to cure the glye. The
particles, and their interaction and aggregation, can p&Pecimen was protected from UV light by a piece of aluminum foil placed

. . n top of the upper coverslip just above the sample. A chamber 2-3 cm
traced (Crocker and Grier, 1996). DVM has a resolution o long, 1-1.5 cm wide, and 100—-2@@n deep was formed between the glass

80-200 nm for moving particles. TEM has a resolution ofcoverslips and the solidified epoxy glue. The specimen was then sealed in
subnanometer. the glass chamber. The oxidation and the aggregation of lipoproteins took
In this report, we present intermediates of LDL aggrega.place in the chamber. At each time point, the specimens were examined

tion identified by TEM and DVM. More importantly we with DVM continuously for a period of 30 min. Unless specified, the
) ’ specimens were analyzed between 3 and 5 p.m. every day for a consecutive

found how membrane vesicles are formed from the A99€5 ay period.

gates. We elucidated whether a similar pathway underlies
the pro-aggregation role of these seemingly unrelated per-
turbations. We compared lipoprotein aggregation with amy-
loid fiber formation (Xu et al., 2001) and with what is TEM

known about colloidal aggregation. The TEM images were obtained with a CM120 transmission electron

microscope (Phillips, Eindhoven, The Netherlands) with an LaB6 filament,

a 50-um objective aperture, and a 2Q0n condenser aperture. The spec-
MATERIALS AND METHODS imens were imaged with a low-dose electron beam generated at 120 kV at
a magnification of 20,000 to 45,000. Images were recorded on Kodak
S0163 film (Eastman Kodak, Rochester, NY).

LDL (d 1.019-1.063) was purified by preparative ultracentrifugation from  Specimens (3ul) of LDL oxidized with H,O, were spread on glow-
human plasma according to a method described by Schumaker and Puglischarged 400-mesh carbon-coated copper grids (Pella Corp., Pella, 1A).
pione (1986). LDL (0.2 mg/ml in 10 mM sodium phosphate, 150 mM After 3 min of incubation allowing adsorption of the protein, the grid was
NaCl, 3 mM NaN, pH 7.2) was mixed gently with 5D, (0.3% or 88 mM) rinsed with five drops of phosphate buffer for removal of unbound proteins.
in an Eppendorf tube and was used for DVM or EM specimen preparatiorFive drops of staining solution (1% uranyl acetate) were applied to the grid.
immediately or at a desired time point. One could use a lesser amount dfxcess stain was removed instantly by a gentle touch of a Kimwipe
H,0,, e.g., 8 mM, but the reaction would take 3 to 5 weeks to complete.(Roswell, GA) tissue to the grid, and the grid was air-dried for 5 min before
In vivo, lipoprotein aggregates and atherosclerotic plaques are generatding imaged with TEM.

over years or decades. Thus, it is impractical to use oxidants at physiologic

concentrations<1 mM H,0,) and thus observe an oxidation reaction over

such a long period. For most of the DVM experiments that require

continuous observation of the aggregation process, the specimen wderminology

transferred to the DVM chamber immediately after LDL was mixed with

H,0,. LDL incubation with C&*, H*, or C&** was prepared in the same Proteins are colloids. Aggregation of proteins is thus a colloidal aggrega-
way as with HO,. tion process. The following terminology in colloidal chemistry is used in

this paper. Colloid, derived from the word for glue in Greek, is used to

describe those large and slow-moving particles that are suspended in a
DVM experiments medium of a different phase, for example, clouds, smog, ink, and milk.

Biomacromolecules all fall into the category of solid colloidal suspensions
DVM can resolve motionless particles as small as 200 nm and movingn an aqueous medium. The nucleation units are the basic units for
particles as small as 60 nm (Crocker and Grier, 1996). The resolutioraggregation, They are solid spheres made of spherical aggregation of
improves if the particles are fluorescent, and lipoproteins have endogenoyggividual protein molecules. Continuous aggregation of the nucleation
fluorescence (Koller, 1986). The sample sealed under glass coverslips Wagits |eads to the formation of curved linear aggregates and fractals.
mounted onto a coverslip holder. Two drops of mineral oil were spread orcyrved linear aggregation is used to describe the one-dimensional (1-D)
top of the coverslip. The sample was then placed on the specimen stagggregation of nucleation units. Fractals are aggregates of nucleation units
under an Olympus BH2 optical microscope with an oil immersion objec-\yith structural features that cannot be defined mathematically with unitary

tive (100X, N.A. = 1.40). A laser beam was used for positioning the gimensijons, but with fractions of dimensions. Fractals can have amorphous
sample sealed under the coverslip and was turned off once the microscoRgctural features. such as snowflakes.

was focused on the sample. The specimen stage was then moved manually

in the x- and y-directions until an area of interest appeared on the TV

monitor. The analog video signal taken by a charge-coupled device video

camera (Hitachi, Tokyo, Japan) mounted on the microscope was thehESULTS
recorded with a videocassette recorder (GVR-S950, Sanyo Corp., Tokyo,

Japan). The real-time movies were digitized through the real-time framap/e followed the structures of various intermediates. their

grabber at a rate of 30 frames per second, transferred, and digitized with . . . .
real-time frame grabber (LG-3) installed in a Macintosh computer (Apple,({;’lhronologlc appearance, and their continuous Change durmg

Cupertino, CA). The image processing routine, implemented with theLDL aggregation. Several chemical reagents are used to
interactive data language (IDL) programming language, was developed binduce LDL aggregation, including oxidants, acidic pH, and

Crocker and Grier (1996). Unless specified, data were usually taken in gications. LDL was incubated with these chemical reagents
window of observation of 54 40 um?. The observation depth was always at room temperature between two sealed glass coverslips.

0.5 um for all images. . . . .
Specimens (6Qul with or without H,0,) were placed in the center of The specimen was then examined with DVM at a desired

microscope coverslips. A line of epoxy (ultraviolet [UV] epoxy, Norland tiMe point. Representative images were captured and ana-
Productions, Inc., Barrington, NJ) was placed around each sample. A thii'yzed.

Specimen preparation
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A

FIGURE 1 Aggregation of oxidized LDL in solution. LDL (0.2 mg/ml in phosphate buffer, pH 7.2) oxidized with hydrogen peroxide (88 mM) was
analyzed with DVM. &) LDL solution is clear initially. DVM cannot detect individual LDL moleculeb) @After 12 h of oxidation,>500 nucleation units,
shown aswhite sphergswere found under the observation window, mostly near the surface of the glass coveysiiftel( 24 h of reaction, nucleation
units were chained together linearly. A representative coiled linear aggregate is shown.

Oxidation-induced LDL aggregation window of 10,000X 40 um? (~1 to 3 particles/10,000
wm®). These linear aggregates were short and consisted of
<100 nucleation units. Most of them were coiled, especially
When newly prepared LDL was incubated with®}, the  those containing 20 or more nucleation units. The coils
solution was first clear (Fig. &). After 12 h of incubation appeared rigid and stable. Unfolding of the coils was never
at room temperature>500 nucleation units were found observed. Representatives of the linear aggregates are
under the same observation window500 particles/1000 shown (Fig. 1c; Fig. 2,a—f). Some of the linear aggregates,
wm®, Fig. 1 b). LDL stored at 4°C for~2 months had especially those consisting &f20, but>6—8 nucleation
approximately a couple dozen nucleation units in the win-units, were uncoiled, and their linear chains were twisted
dow. We assumed that they were the lipid droplets reportednd bent continuously (Fig. 2 andb). Others are more

in the literature (Guyton and Klemp 1989; Chao et al., 1990coiled than othersc(andd vs. a andb). The aggregates in
Tertov et al., 1992; Hoff et al., 1992). Fig. 2, e andf seem to be two linear aggregates twisted
together. The coiled aggregates generally drifted in solution
as compared with the fast-moving linear aggregates consist-
ing of less than five nucleation units.

Linear aggregates varied in size and shape. Linear aggre- Fractals began to appear after 1 day of oxidation, but
gates of micron length, formed by the nucleation units,became the most common structures after 2 days. Small
appeared after 1 day’s reaction;20-50 of them in a fractals seemed to be the products of branching of the linear

Formation of nucleation units

Formation of linear aggregates and fractals

FIGURE 2 Linear aggregates and small fractals. Representatives of linear aggregates and small fractals ara-shdvmedr aggregatese@ndf)
Linear aggregates appear twisted against themselyasdh) Branching of the linear aggregates or small fractalan¢j) A combination of linear, coiled,
and possibly branching aggregates.
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FIGURE 3 Fusion of LDL aggregatesa)(After 48 h of the reaction, the linear aggregates grew larger or assembled together and formed fractals.
Vortex-induced aggregates had the same appearance as those induced by oxifja@orthé third day of reaction, adjacent nucleation units in a fractal
have fused together into various-sized vesicles. The vesicles were attached to one another initially and then either broke apart or depasigéabsnto th
coverslip surface. Often, vesicles had nucleation units or small vesicles trapped igsileod was found to have evolved from the fractal. The rod was
rigid and straight and had a rough surface, which suggests a result of 1-D aggregation of adjacent nucleation units in the fractal. Soalédvar@S

aggregates (Fig. 2g and h). Large fractals might have Formation of spherical and tubular membrane vesicles

grown from the small fractals or resulted from random . . . . e

. . Intermediate steps of vesicle formation were also identified.
tangling among many small fractals (Figj2Fig. 3a). It Initially, the adjacent nucleation units may fuse with one
was also quite common to observe two or more fractals Y, ) y

interacting with one another. The fractals varied greatly inar"Jther and form curved membrane surfaces, as shown in

size from no more than 12 to more than 1000 nucleatiorr'g' 4 a These adjacent nucleation units may be distant
units (Fig. 2,aj, Fig. 3 a), if one could regard a linear rom one another in the linear chain, but close together in

aggregate as a special fractal. tspahceci ;I'hese cur\iﬁd meg"lkt)rat?]e fsurf?cies% which remain at-
We regard the process of converting monomeric LDL to ached to one another and 1o the Iractals, form one or more

fractals as an aggregation stage. At this stage, individua{rregular membraqes, Wit_h a portion of'a macroaggregate
nucleation units retained their physical shape, as comparedPind to the junction region between different curved sur-
with a fusion stage as described below. The short lineaf2ces (Fig. 49). These irregular membranes might serve as

aggregates and the fractals were built upon the nucleatioffie Pase for the formation of singular or multiple vesicles.
units, which were the true basic units, generally referred A\t this stage, the vesicle was generally attached to the fractals.

as nucleation units in colloidal science (Jullien and Botet,The newly formed vesicles often have trapped inside them
1987) and as we also described in amyloid fiber formationS°Me nucleation units or portions of fractals (Fig)4 _

(Xu et al., 2001). Similar to the basic units involved in the At the end of the third day, only a few small nucleation
aggregation of other colloidal particles, the nucleation units!Nits were found trapped inside the vesicles, presumably
of LDL also seem to be compact, in contrast to the amordecause of their fusion with the membrane. The trapped

phous structure observed for the fractals. portion of the macroaggregate generally remained motion-
less and was probably attached to the membrane wall and/or

to the rest of the macroaggregate. Free vesicles with nucle-
ation units or portions of fractals bound to the exterior were
also quite common (Fig. 4). Eventually, these particles
On the third day, the density of the nucleation units de-attached to the exterior of the vesicle disappeared, possibly
creased significantly, and fused vesicles 3420 in diam-  being integrated into the membrane and becoming part of
eter began to appear in solution. Most of the fused vesiclethe spherical membrane vesicle. Membrane vesicles have
remained attached either to the fractals or to one another ariteen identified and isolated from the atherosclerotic
absorbed less light than did the nucleation units and fractalglagques. These in vitro studies of LDL aggregation allow us
(Fig. 3). We always observed more fractals than free vesito propose a theory of how these membrane vesicles might
cles suspended in solution, which suggests that either thige formed in vivo.

rate at which the vesicles were formed was lower than that In addition to the spherical vesicle formation, we occa-
of the formation of the fractals or the rate at which thesionally observed some tubular vesicles (Figd)4 They
vesicles were deposited onto the glass surface was higharere attached exclusively to the fractals and were much less
than that for the fractals, as discussed below. common than the spherical vesicles and the membrane

Continuous aggregation and fusion of fractals

Biophysical Journal 81(4) 2403-2413
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FIGURE 4 Membrane vesicle formation. Intermediate steps of vesicle formation were identified. Initially, the neighboring fractals fusededto curv
membrane surfacearfow in a). These surface curvatures often had nucleation units or portions of fractals attached to the junction region of the membranes.
Continuous fusion of these curved membrane surfaces resulted in the formation of spherical membranearesigliesh(), which remained attached to

the fractals or other vesicles initially and broke apart at the emd in c and 2 in d). Vesicles free in bulk solution sometimes have trapped some
nucleation units and small vesicles insiaé§. Occasionally, tubular membrane vesicles were formed from the fraetatsy( 1 in d). They were usually

found attached to the fractals. Scale bagu@ for a—d.

ribbons. Thus, the tubular membrane vesicles had evolveshown in Fig. 5b, with fragmented fractals spread along the
from the fractals as well. We hardly ever observed tubularod. Once free, the rod started to flatten out and changed into
vesicles free in bulk solution, which suggests that the tubua rough ribbon with a surface contour which is named after its
lar vesicles are unstable. No tubular vesicles trapped nuclesharacteristic rough surface as shown in Fig. Bending and
ation units or other aggregation intermediates. twisting of the rough ribbon was constantly observed, a reflec-
tion of the thermal motion of the fluid-like aggregates typically
found during aggregation of amphipathic molecules (Israelach-
Formation of membrane ribbons vili, 1994). The continuous fusion of the nucleation units of the
Membrane ribbons were found in the oxidized LDL aggre-fough ribbon resuited in the formation of a membrane ribbon,
gates. They were approximately one-third as common as th&hich had a characteristic smooth surface without surface
spherical vesicles. Several kinds of intermediates appeared §Pntours and was capable of bending and twisting, as did the
the process of membrane ribbon formation. The first to appediough ribbon (Fig. ).
in solution were solid, straight rods, which seemed to be The conversion of the fractals to spherical and tubular
formed by the linear aggregation of nearby nucleation units irmembrane vesicles and membrane ribbons was regarded as
a fractal (Fig. 53). The newly formed rods remained attachedthe fusion stage. The characteristics of this stage were the
to the fractal and had a rather rough surface with surfacéoss of the physical shape of the nucleation units and their
contours. With time, the rods broke apart from the fractal, asransformation into membrane-like structures.

Biophysical Journal 81(4) 2403-2413
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FIGURE 5 Formation of a membrane ribbon. Various intermediates in the formation of the membrane ribbon were observed. The specimen was prepare
as in Fig. 1. &) A rod was formed and remained attached to the fractals. The rod was straight, with a rough dojrfaced(was detached from the fractals

and was free in bulk solution. Clusters of nucleation units remained bound to the rod. The surface of the rod remainec) duithon was formed

from a rod. Some clusters of nucleation units were bound to the ribbon. The surface of the ribbon remainedydugteribrane ribbon with a smooth

surface was formed. The ribbon was free of attached nucleation units and was capable of bending and twisting. Sgafe fmara&l.

Adsorption of lipoprotein aggregates to glass surfaces adsorbed poorly to the glass coverslip (Figc)6 The ad-

L .. vanced aggregation products were mostly deposited as
On the fourth day, none of the aggregation intermediate sed membranes. Various intermediates are shown in Fig.

could be detected in suspension. In contrast, deposition d, where nucleation units, short linear aggregates and

the LDL and_ |ts.aggregates or the fusion product on th_E?ractals, and the unilamellar and multilamellar membrane
glass coverslips increased dramatically. On day 4, the entirtgasicles can be identified.

glass surface was covered with fused membranes, as com-
pared with day 1, when only a portion of the glass surface ] ]
(<10%) seemed to be covered. Alternative perturbations

Certain forms of aggregates were preferentially adsorbegy repeated the above experiments five times. No LDL
to the glass surface (Fig. 6). The microaggregates, the shoglygregation was observed during a 5-day incubation of LDL
linear aggregates, and the membrane vesicles were adsorbigdthe absence of oxidant or the absence of other perturba-
efficiently. The microaggregates were deposited as a densgns. Vortexing of LDL for 1 min resulted in fractal for-
but homogeneous monolayer (Fig.a@. The short linear mation immediately, as shown in Figa3Acidic pH (citrate
aggregates were adsorbed to the glass substrate less effuffer, pH 4.0), C&" (5 mM CaCl), or C#" (0.5 mM
ciently than were the microaggregates. Most of these adcuSQ,) led to LDL aggregation and fusion in a pathway
sorbed linear aggregates consisted<@0 microaggregates similar to that of oxidation. The vortexing, acidic pH, and
(Fig. 6 b). A few fractals were also identified. They were C&" treatments were repeated three times. We also-incu

Biophysical Journal 81(4) 2403-2413
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FIGURE 6 Oxidation-induced LDL aggregation intermediates deposited on glass coverslips were analyzed. The specimen was prepared as in Fig. 1 b
an incubation of LDL with HO.,. (a) After 1 day of incubation, large spheres or nucleation units were found on the glass susfakfel 2 days of

oxidation, linear aggregates were formeg). After 3 days of oxidation, fractals were found on the glass surfabeAfter 4 days of oxidation, a variety

of aggregates were found deposited on the glass surface, including nucleatioriyriteér aggregate<?), and vesicles3).

bated LDL with less HO,, C&", or Ci*" (at concentra  to elevation in plasma LDL cholesterol, although the precise
tions 10- and 100-fold less than what was used in oxidationmechanistic relationship between the latter and the patho-
induced LDL aggregation) and found that the aggregatiomyenesis of atherosclerosis is still unknown (Guyton and
was slowed down significantly. It would take weeks to Gotto, 1992). A widely held hypothesis is that, in the event
finish an aggregation reaction, which follows a pathwayof an artery leakage, the lipoprotein entering the blood

similar to what we observed above fop®, incubation.  vessel wall is subject to modification by oxidants, and the
oxidized LDL sets in motion many of the cellular responses
TEM of oxidized lipoproteins characteristic of atherosclerosis (Berliner and Heinecke,

. . ... 1996). Included in the early responses of an elevated plasma
TEM images of these LDL aggregates induced by 0X|dat'or|_DL Loncentration is theypresF;nce of LDL aggrega?es at

furnished results similar to those described above Withsites of potential atherosclerotic plague development. In this
DVM. Monomeric LDLs @), nucleation unitsg), fractals P plaq P '

(C), and fused membrane vesiclés) (vere observed under §tudy, we showed the- effect of LDL oxidation by,®, on
TEM with uranyl acetate stain, as shown in Fig. 7. Under'tS @dgregation capacity. The method used here enabled us

our experimental conditions, the nucleation units deviated® fllow the aggregation pathway in solution.
from a round shape and were approximately 4 to 6 times We identified nine potential intermediates generated by
larger than the monomeric LDL particles)( oxidation-induced LDL aggregation and revealed the aggre-

gation process (Fig. 8). Under the experimental conditions
used, the nucleation units appeared in solution first, fol-

DISCUSSION lowed by linear aggregates, and then fractals. Curved mem-
The pathogenesis of atherosclerosis is an object of intensivierane vesicles and tubular membrane vesicles and rods
study. It is clear that atherosclerotic heart disease is relategppeared in solution at about the same time and were

Biophysical Journal 81(4) 2403-2413
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FIGURE 7 TEM analysis of oxidized LDL. LDL (3@l, 0.2 mg/ml in 10 mM sodium phosphate, 150 mM NacCl, 0.02% Mg 7.2) was incubated

with H,0, (88 mM). Specimens (3l) were removed after the oxidation reaction carried out for various times, deposited on a carbon grid, and uranyl
acetate-stainedAj Specimen before incubation with,8,, where monomeric LDL was foundB) Specimen from day 1, when nucleation units were
found. C) Specimen from day 2, when fractals were fourid) Specimen from day 3, when fused membrane vesicles were found.

believed to be the product of further aggregation and fusiorentire process of converting native LDL to fractals (steps 1
of adjacent nucleation units in the fractals. Whereas theo 3 in Fig. 8), which is compatible with the amyloid fiber
curved membrane surfaces developed into spherical vesiermation and aggregation of colloidal particles (Jullien and
cles, the rods flattened out to rough and then to smootiBotet, 1987; Xu et al., unpublished data). The fusion stage
ribbons. The spherical vesicles were more abundant than thiecludes the formation of rods, curved membrane surfaces,
membrane ribbons and the tubular membrane vesiclesnembrane ribbons, and spherical and tubular membrane
Spherical vesicles often trapped inside some nucleatiomesicles (steps 4 and 5). This stage is not observed in
units or a portion of a macroaggregate. These vesicles coul@myloid fiber formation, nor in normal colloidal aggrega-
be unilamellar or multilamellar. Acidic conditions, calcium tion. The fusion stage is thought to be characteristic of
ions, or cuprous ions could also induce LDL aggregationlipoproteins, which are rich in small amphipathic lipid and
and fusion, which seemed to follow a pathway similar tofatty acid molecules. These small amphipathic molecules
that induced by oxidation. Structural features such as thare absent from amyloidogenic proteins.
short linear aggregates, the fractals, the rods, the rough and The aggregation of LDL resembles a chemical colloidal
smooth ribbons, and the tubular membrane vesicles weraggregation, a well-understood process. Colloidal aggrega-
identified for the first time as intermediates of LDL aggre- tion can be induced by a change in the surface electric
gation. property of the particles. Oxidation might have resulted in a
LDL aggregation can be divided into two stages, aggrechange in the surface chemical potential of the LDL parti-
gation and fusion. The aggregation stage encompasses thkes, which led to the aggregation of monomeric LDL to

Biophysical Journal 81(4) 2403-2413
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[ Monomeric Lipoproteins] — peroxy-fatty acids would reposition themselves so that both

*1 z the hydro?<yl or peroxyl group and the carboxyl group
& would reside in the polar and charged head-group region
[Nudeaﬁon Units ] é (Kellner and Cadenhead, 1977, 1978). The arrival of these
*2 2  aldehyde, hydroxyl, and peroxyl groups at the head-group
€  region would occupy more space without additional charges

(Linear Aggregates| @@ and thus reduce the charge density.

*3 % The chemistry of LDL oxidation has been studied exten-

sively. Many small molecules in LDL, including those in
(__ Fractals ) - the hydrophobic core, are vulnerable to oxidants. The fol-

lowing oxidation reactions have been observgdarotene
to retinol and retinoic acide-tocopherol toa-tocopherol
hydroquinone, PUFA to hydroxy- and peroxy-fatty acids
and other derivatives including malondialdehyde and other
short-chain aldehydes, ubiquinol to ubiquinone, and choles-
— terol to cholesterol oxides (Rice-Evans and Bruckdorfer,
1992). The aldehydes formed could react with amine in
F;‘;gnREdiceicgeg‘zg‘; Jﬁﬁreffgtfﬂﬁ?z :(‘; tE‘SLmn?gr;iije? :f LrELa?g%'ne‘apoB and lead to cross-linking of lysine residues at different
?orm nucleation u>r/1its (step 1in this figure and in FigJ)lNuclea?ign Snits qﬁeglons of apoB. Such a type of lipid/protein ConJ.UQatl.on
then assemble into a chained structure that often is coiled (step 2 in thi@aS been detected for 4-hydroxy-2-nonenal-modified histi-
figure and in Figs. Ic, 2, ¢ andd). These linear aggregates then either dine, lysine, and cysteine residues by amino acid analysis of
branch or become tangled with one another and form fractals (step 3 in thigxidized LDL (Uchida et al., 1994). All the modifications
figure and in Figs. 2g andh, and 3a). The adjacent nucleation units inthe  5ffect the integrity of the structure of LDL and lead to the

fractals then fuse with one another and form either 1-D rods (step 4a in thi . . .
figure and Fig. &) or curved membrane surfaces (step 4b in this figure and%hange in the LDL surface electric property that is often the

Fig. 4a). The rod slowly evolves into a rough ribbon initially and then into &US€ of _PrOtem aggregat?on. . .
a smooth membrane ribbon (step 5a in this figure and Fig-d), whereas The oxidant concentrations used in these reactions, 88

the curved membrane surface continually fuses with other nucleation unittnM H,O, and 0.5 mM CuSQ are 50- to 100-fold higher
iq the fractal, forming spherical membrane vgsicles (step 5b in this figurethan their physiologic concentrations. However, in vivo,
chlgs. 3b, 4,b andc). Tubular membrane vesicles are formed rarely from ;0 qtein aggregation and deposition in arteries occur over
e fractals (step 4c in this figure and Figd . L . . .

a period of decades, and it is thus impractical to use oxidants

at their physiologic concentration for in vitro studies. Oxi-
nucleation units (step 1 in Fig. 8). Linear aggregation andlizing lipoproteins under physiologic conditions in plasma
fractal formation are results of further aggregation of the(0.5 mM H,O, or 10 uM CuSQ,) resulted in no discernible
nucleation units, similar to what we observed for amyloidreaction over a period of 10 days. In contrast, LDL trapped
fibers. Fusion of the neighboring nucleation units in thein the subendothelia is taken up by macrophages. The oxi-
fractals results in the formation of membrane curvatures andant concentration inside a macrophage is much higher than
vesicles. Formation of rods might be a result of dipole-that in the subendothelia. Moreover, a relative deficiency of
dipole interaction of nucleation units in the fractals. Fusionlysosomal hydrolysis of lipoproteins in proportion to the
of the nucleation units in the rods leads to the formation oflipoprotein load presented to the lysosome might lead to
membrane ribbons. lysosomal lipoprotein accumulation (Shio et al. 1978;

Oxidation of LDL could lead to a reduction of the LDL Fowler et al., 1980). An acidic environment in lysosomes is

surface charge density. The oxidized cholesterol esters amaptimal for lipoprotein aggregation. The oxidized LDL is
triglycerides are more polar and amphipathic than theitoxic, which may be responsible for the deficiency of en-
precursors; it would be energetically less stable for them t@ymes in the lysosomes in degrading LDL.
remain in the hydrophobic region of LDL. Migration of  Similar to H,0,, CU?" is also an oxidant that is capable
these oxidized molecules from the hydrophobic region to oof inducing LDL aggregation by oxidizing some of the
near the surface of LDL reduces the surface charge densityiolecules in LDL. In addition, as a dication, €ucan be
and then the surface electric potential of the lipoproteinsadsorbed to the negatively charged LDL surface and affect
and leads to LDL aggregation. For example, the oxidatiorthe surface electric potential of LDL directly, as is also the
of the PUFA molecules may play a leading role in such acase for C&". The acid or C&" treatment directly affects
reduction of the surface charge density. The aldehydegshe surface potential of LDL and leads to LDL aggregation
derived from breakage of the nonpolar side of the ethylJullien and Botet, 1987; Israelachvili, 1994; Myers, 1990).
bond of a fatty acid, would migrate to the surface of theAcid neutralized the carboxyl groups and then decreased the
LDL because of the polarity of the aldehyde group and itsnet negative charge of LDL, whereas a small change in the
capability of forming hydrogen bonds. The hydroxy- or dication concentration, such as calcium ions, would greatly
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affect the surface potential of LDL and then the property ofChao, F. F., E. J. Blanchette-Mackie, Y. J. Chen, B. F. Dickens, E. Berlin,

; . ; _L.M. Amende, S. I. Skarlatos, W. Gamble, J. H. Resau, W. T. Mergner,
the molecule (McLaughlin, 1977; Honig et al., 1986). Ag and H. S. Kruth. 1990. Characterization of two unique cholesterol-rich

itation (thermal or vortexing) yielded particles with more jipig particles isolated from human atherosclerotic lesioAm. J.

kinetic energy to overcome the electric potential barrier to Pathol.136:169-179.
aggregation (Ju||ien and Botet, 1987)_ Chao, F. F., E. J. Blanchette-Mackie, V. V. Tertov, S. |. Skarlatos, and Y. J.
Chen. 1992. Hydrolysis of cholesterol ester in low density lipoprotein
converts this lipoprotein to a liposomé. Biol. Chem267:4992—-4998.
Crocker, J. C., and D. G. Grier. 1996. Methods of digital microscopy for
CONCLUSION colloidal studiesJ. Colloid Interface Sci179:298-310.

It seems that a fundamental similarity and parallel existdowler, S., P. A. Berberian, H. Shio, S. Goldfischer, and H. Wolinsky.
1980. Characterization of cell populations isolated from aortas of rhesus

between the aggregation of I|poprote|ns and amyI0|d pro- monkeys with experimental atherosclero€&c. Res.46:520-530.
teins. Both aggregate and form large spheres or nucleatiofetz, . s. 1990. An overview of atherosclerosis: a look to the future.
units initially. These nucleation units, in turn, assemble Toxicol. Pathol.18:623-635.

linearly. Amyloid fibers tend to be straight, whereas linearGuyton, J. R., and A. M. Gotto. 199/ Vascular Medicine. chap. 12. J.

aggregates of lipoproteins tend to be coiled. Lipoprotein ;gzia'ég’st'\ghAMgreage“ V. J. Dzau, editors. Litle, Brown and Com-

aggregatej's grow into fractals, whereas few pranChes eX'St.@uyton, J. R., and K. F. Klemp. 1989. The lipid-rich core region of human
amyloid fibers. Nevertheless, the aggregation stage of li- atherosclerotic fibrous plaques. Prevalence of small lipid droplets and
poproteins resembles the amyloid fiber formation, and both Vesicles by electron microscopsm. J. Pathol134:705-717.

; ; ; _ Hakala, J. K., K. Oorni, K., M. Ala-Korpela, and P. T. Kovanen. 1999.
seem to follow the physical law derived for colloidal par Lipolytic modification of LDL by phopholipase A2 induces particle

ticle _aggregation- Particles aggregate and form large spheresaggregation in the absence and function in the presence of heparin.
to minimize surface energy, and the large spheres aggregateArterioscler. Thromb. Vasc. Biol9:1276-1283.

and form fractals (Winslow, 1949; Witten and Sander,Hansma, P.K., V. B. Elings, O. Marti, and C. E. Bracker. 1988. Scanning

1981; Meakin, 1983; Halsey, 1993; Halsey et al., 1997). gulggj";?dT;ﬁ?ﬁ;‘;g{si?;‘ni;"z";;ZfSE,C_eZTg?“’SCOpy: application to bi-

Un.“ke the .Case of amyloid fibers, apPare”t St_rUCtural €VOalsey, T. C. 1993. Electrorheological fluids-structure and dynaniids.
lution continues from the fractals of lipoproteins to mem- Materials.5:711-718.

brane vesicles and ribbons. These differences could be Halsey, T. C., B. Duplantier, and K. Honda. 1997. Multifractal dimensions
result of the different composition of these two proteins and their fluctuations in diffusion-limited aggregatidPhys. Rev. Lett.

Li ; d of livids. f id hol 78:1719-1722.
Ipoproteins are composed of lipids, tatty acids, cho esn::‘r_}-ierrmann, H. 1986. Geometrical cluster growth models and kinetic gela-

ols, and others in addition to polypeptides. The fusion of the ton. Phys. Report136:153-224.
neighboring nucleation units in the fractals reflects theHoff, H. F., T. D. Whitaker, and J. O’Neil. 1992. Oxidation of low density

presence of these amphipathic molecules in lipoprotein ag- lipoprotein leads to particle aggregation and altered macrophage recog-
gregates nition. J. Biol. Chem267:602—609.

Honig, B. H., W. L. Hubbell, and R. F. Flewelling. 1988nn. Rev.
Biophys. Chem15:163-193.
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