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Biophysical Bases of Human Plasma Lipoprotein
Polydispersity: Role of Surface Modification

Zahra Shahrokh

Abstract

Metabolic depletion of the core of the triglyceride-
rich lipoproteins via lipolysis results in the production of
polydisperse species of particles within the density range
of low density lipoproteins (LDL). Modification of surface
properties of plasma LDL may further contribute to LDL
polydispersity. 1In this dissertation, we study the interac-
tions with LDL of models of lipolysis-related surface pro-
ducts (i.eQ, phosphatidylcholine vesicles (PCV) and
discoidal complexes (DC) of apoprotein AI and phosphatidyl-
choline) and examine the influence on such interactions of

high density lipoproteins (HDL) and other relevant plasma

components (lecithin:cholesterol acyltransferase (LCAT),
lipid transfer proteins (LTPs), albumin, lysolecithin
(LPC)).

Incubation (37OC, 6h) of LDL with PCV alone results 1in
formation of aggregates of LDL and PCV without any change in

the apparent particle diameter (APD) of unaggregated LDL.

[y



Adaition of the ultraéentrifugal plasma d>1.20 g/ml fraction
(bottom fraction, BF) produces an increase in LDL APD value.
Further addition of components capable of PC uptake (e.g.,
HDL) modulates the extent of such APD increase. Incubatioh
(6h) of LDL with DC also produces an‘increase in LDL APD
value, primarily due to PL upﬁake by LDL. LDL APD change due
to PL uptake is associated with decreased susceptibility to
trypsin digestion of apoprotein B on the LDL surface.
Interaction of LDL Qith DC or PCV also results in formation
of association complexes (290-412A; class IX products5l
comprised of LDL-sized species. Disruption of apoprotein B
by trypsin prior to interaction with PL prevents formation
of class 1I1 products as‘well as of aggregates of LDL with
PCV. Trypsin-treated LDL are S—IOA smaller{ however, they'
undergo an increase in APD value upon interaction with PCV

and BF.

In incubation mixtures with DC, BF enhances LDL APD
increasé, primarily due to enhanced PL uptake by LDL. 1In
incubations with either PCV or DC, albumin alone can simu-
late the effect of BF, whereas plasma PLvtransfer protein
can not. In the presence of a PL acceptor (HDL), albumin

returns the APD of PL-enriched LDL to its original value.

Interaction of another surface-reactive agent, LPC,
with LDL, also results in LDL APD increase and formation of

class II products.



-

Based oﬁ the . studies obtained in this dissertation LDL
surface modification may contributebto LDL polydispersity.
Since HDL is a major acceptor of PL, formation of surface-
modified LDL (e.g., PL—en:ichéd, large LDL) in vivo would

depend on LDL/HDL weight ratio in plasma.

AV Wilets 11)itlsa
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Abbreviations

ANUC: analytical ultracentrifugation

APD: apparept particle diameter

BF: plasma d>1.20 g/ml fraction (bottom fraction)
CE: cholesteryl ester

CF: cystic fibrosis patients

CFPI+: cystic fibrosis patients with pancreatic insuf-

ficiency

CFPI-: <cystic fibrosis patients without pancreatic

insufficiency

DC: discoidal complexes (comprised of apoprotein AI and

phosphatidylcholine)

DTNB: dithiobis—(2-nitrobenzoic acid)
EM: electron microscopy

GGE: gradient gel electrophoresis
GnHCl: guanidine hydrochloride

GSH: reduced glutathione

HDL: high‘density lipoproteins

HMW: high molecular weight

HTG: hypertriglyceridemic patients

IDL: intermediate density lipoproteins
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Kd: kilodaltons
LCAT: lécithin:cholesterol acyltransferase
LDL: low density lipoproteins
LPC: lysophosphatidylcholine (lysolecithin)
LPL: lipoprotein lipase
LTP: lipid transfer p;otein
mu: migration units
MW molecu;ar weight
N: normal subjecﬁs
NEFA: nonesterified fatty acids
N-LDL: native low density lipoproteins
NI'G: normotriglyceridemic subjects
PC: phosphatidylcholine
PCMPS: p-chloromercuriphenyl sulfonic acid
PCV: phosphatidylcholine vesicles
PE: phospﬁatidylethanolamine
PL: phospholipid
PLTP: phospholipid transfer protein
PMSF: phenylmethylsulfonyl fluoride

PX: paraoxon



rmu: relative migration units

SDS-PAGE: sodium dodecylsulfate polyacrylamide

electrophoresis

TG: triglyceride

TLC: thin layer chromatography

T-LDL: trypsin-treated low density lipoproteins
UC: unesterified cholesterol

VLDL: very low density lipoproteins
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I. Introduction

A. Lipoprotein Structure

Human plésma lipids of dietary or endogenous origin
fall into two categories: polar lipids (phospholipids (PL),*
unesterified cholesterol (UC), nonesterified fatty acids
(NEFA), lysolecithin (LPC)) and nonpolar 1lipids (trigly-
cerides (TG), cholesteryl esters (CE)). Due to their inso-
lubility in water, transport of nonpolar lipids either from
the intestine (their site of absorption), or from liver
(their site of endogenous synthesis), to various tissues
requires their incorporation into spheroidal complexes
called lipoproteins (l). Physico-chemical techniques have
established that the nonpolar lipids are located in the cen-
tral region or the core of lipoﬁroteins and are stabilized
in aqueous solution by a surface shell of polar lipids and

apoproteins.

Based on the size and composition of lipoprotein
species, and molecular volumes of the separate lipoprotein
components; Shen et al (2) have proposed a unifying model of
lipoprotein organization (Fig. 1l). Consistent with X-ray
diffraction (3) and other spectroscopic (for review, see ref
4) data, the model propdses that lipoprotein particles are

spherical structures of radius r, with a core of radius (r-

*See Abbreviations section for alphabetical listing of
abbreviations used in this dissertation.



Fig 1. Model of human plasma LDL structure.
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20A) consisting of TG and CE. The core is surrounded by a
monolayer (20A thick) of PL and protein; the protein is in
close association with the hydrophilic head groups of the
PLL. The UC is near to the surface of the lipoprotein parti-
cle and is packed adjacent to the hydrophobic tails of the
PL; it 1is also considered to be masked by the protein.
Recent studies take a more dynamic view of lipoprotein
structure. Surface (UC) and core (TG and CE) lipids are
shown to partition between the two compartments (5) and the
boundary between the two compartments is less well-defined.
Whatever the determinants of lipoproﬁein organization, our
current understanding is that lipoprotein structure is the
result of a series of metabolic interactions such as those
occurring during: (1) enzymatic lipolysis of the lipoprotein
TG, (2) exchange of PL, CE and TG among lipoprotein parti-
cles via lipid transfer proteins, and (3) build up of apolar
core in lipoproteins during enzymatic esterification of

cholesterol in plasma.

B. Lipoprotein Classification

The early work of Gofman et al (6) characterized plasma
lipoproteins by their rate of flotation in salt solutions of
specified density in the analytical ultracentrifuge. These
studies established the existence of separate density
classes, based on their relative content of 1lipid and pro-
tein. The . major density classes of lipoproteins (Table 1)

have hydrophobic cores that are either TG-enriched



Table 1 -Physico-chemical properties of major classes of human plasma lipoproteins.

1ipoprotein density particle molecular tlotation rate major protein  major core
class (g/m1) diameter (A) weight (dalton) (Svedbergx1013) apoproteins (weight%) lipid
chylomicron  0.95 103100 10%-10'° 53 400 apo B, C  1.5-2.5 triglyceride
VLDL 0.95-1.006 300-750 5x106-107 S; 20-400 apo B, E, C 5-10 triglyceride
IDL 1.006-1.019 278-300 4.5x106 ; 12-20 apo B 15-20 triglyceride
LDL 1.019-1.063 218-300 2-2.5x106 S; 0-12 apo B 20-25 cholesteryl
HDL 1.063-1.20 50-120 1.9-3.9x105 ;'20 0-9 apo Al, AIl 40-55 Eiéigsteryl

*
VLDL, very low density lipoproteins; IDL, intermediate density lipoproteins; LDL, low density
lipoproteins; HDL, high density lipoproteins.

(8]



(chylomicrons, very low density lipopro;eins (VLDL) , and
intermediate density lipoproteins {(IDL), which are contained
within the d<1.019 g/ml plasma fraction), or CE-enriched
(low density lipoproteins (LDL, 4 1.019-1.063 g/ml) and high
density lipoproteins (HDL, 4 1.063-1.20 g/ml)). With
increasing density, the particle size, molecular weight, and

flotation rate of lipoproteins decrease (Table 1).

Although density is generally used‘as a basis for the
isolation and definition of lipoprotein classes, a recent
method of classification based on constituent apoprotein
moieties (7), has gained interest. The interest is pri-
marily based on the uﬁﬁerstanding that functional properties
of 1lipoproteins are determined, in major part, by their
apoprotein moieties. Each lipoprotein is characterized by a
specific apoprotein profile. This profile reflects meta-
bolic events that are involved in the remodeling of a par-
ticular lipoprotein species and determine its fate. Apo AI,
for example, 1is the major activator of the plasma
cholesterol esterifying enzyme of plasmé,
lecithin:cholesterol acyltransferase (LCAT). Members of the
apoprotein C family regulate the activity of lipoprotein
lipase (LPL), while apo B and apo E interact with specific

receptors, signaling for lipoprotein catabolism.



C. Interrelationships Among Lipoprotein Classes: Metabolic

Schemes

The various density classeé of lipoproteins are inter-
related not only structurally but also functionally. Once
newly-synthesized TGfrich lipoproteins, containing primarily
apoproteins B and AI, enter the blood circulation froh
intestine or liver, they pick up apoproteins C and E from
HDL (for review, see references 1,8). As their TG is rapidly
hydrolysed by the capillary-bound LPL, remnant particles are
produced, containing primarily apoproteins B and E. Rem-
nants are removed in part by the'liver cells, and are partly
converted to LDL (with mainly apoprotein B). During lipo-
lysis, transfer of apoproteins C and E to the TG-rich
lipoproteins from HDL is important for both activation of
lipases by apoprotein CII and removal of remnants by apo E-
receptor-mediated pathway. During degradation of the TG-rich
lipoproteins, apoproteins C, E, and AI are transferred to
HDL. In contrast to the fecycling of these apoproteins,
apoprotein B (apo B) is retained during degradation of TG-
rich 1lipoproteins to LDL. Thus, the d<1.063 g/ml lipopro-
teins, also known as apo B-containing lipoproteins,
represent products of a metabolic cascade in which lipolysis

plays a major role.

The cascade of core removal from the larger, less dense
species gives rise to excess surface components (PL, UC, and
apoproteins) which are released in part as vesicular (9,10)

and discoidal (11,12) structures. Discoidal complexes are



considered to be major precursors to plasma HDL (13,14)and
are transformed to spherical species during conversion of
their UC to CE by catalysis via LCAT (15). Spherical HDL can
further interact with excess surface products of lipolysis
and in conjunction with LCAT activity give rise to larger,
less dense HDL species (16).‘ Catabolism of HDL leads to the
ultimate clearance of the excess surface products from
plasma, completing the metabolic eventsAoccﬁrring upon core

depletion of TG-rich lipoproteins.

- D. Functional Properties of Lipoprotein Classes

Plasma lipoproteins are responsible for the distribu-~
tion of 1lipids among tissues. :Fatty acids produced_during
lipolysis of the TG-rich lipoproteins are delivered to cells
where they <can be either utilized directly or stored. The
CE-enriched lipoproteins, on the other hahd, are involved in

cellular cholesterol homeostasis. The final by-product of

lipolysis, LDL, is the main deliverer of cholesterol to-

cells. Apo B-receptor-mediated uptake of LDL from the blood
circulation triggers a set of cellular responses, such as
decreased number of cell surface receptors recognizing apo B
and reduced. endogenous synthesis of cholesterol (17). These
responses prevent accumulation of cholesterol within the
cell. On the other hand, both the interaction of HDL with
cells and the transformation of nascent HDL species in con-
junction with LCAT activity seem to be essential for removal

of cellular cholesterol. The clinical consequences of

lid



abnormalities in lipid transport and delivery by lipopro-
teins are apparent in such genetic disorders as LCAT-
deficiency (associated with abnormal HDL structure and com-
position (15)), deficiency in apo B-receptor (associated
with hypercholesterolemia (18)), or simultaneous deficiency
in apo AI and apo C III (associated with negligible levels
of HDL of abnormal composition (19)). In LCAT deficiency,
the disruption in cholesterol esterification leads to accu-
mulation of cellular cholesterol content and clinical symp-
toms includiﬁg anemia and renal failuro (20). In the other
cases cited above, CE accumulates 1in arterial cells and

premature vascular disease is frequently encountered.

E. Human Plasma LDL: Structure and Metabolism

In view of the important rolev of LDL in the normal
function of the lipid transport system, particularly in cel-
lular cholesterol homeostasis, and in the correlation of
blood 1lipid 1levels with the development of coronary heart
disease, many studies have examined LDL structure and meta-
bolism. Recent studies indicate considerable LDL polydisper-
sity and have raised questions with respect to its metabolic
origin and pathologic implications. I shall first review
the current understanding of the structural properties of

LDL, in particular those pertinent to their polydispersity

1. Core Organization



Differential scanning calorimetry (21) and X-ray dif-
fraction (3) stﬁdies on intact human LDL, aé well as NMR
(22) studies on reconstituted LDL, consiétently show a ther-
mai transition between smectic (ordered) to liquid-like
(disordered) states of core CE in the temperature range of
20-40°C. The peak of the transition temperature is slightly
below boay temperature and reflects not only the degree of
saturation of the cholesterol ester but also with CE/TG
ratio in the LDL. Below the phase transition, the core con-
sists of a radially-oriented arrangement of two concentric
layers of CE interspersed Qith'TG (Fig l); In the large,
CE-enriched LDL from Cynomolgus monkeys on atherogenic diets
(23) , the core consists of three (instead of the usual two)

concentric layers of CE below phase transition.
2. Apoproteins of LDL

More than 97% of LDL protein is apo B. Minor amounts of
apo C and apo E (24)'are also detected in the LDL density
range (d 1.019-1.063 g/ml). Unlike other apoproteins, apo B
is 1insoluble in aqueous solutions and has a tendency to
aggregate once sepératéd from LDL lipids. This has compli-
cated 1investigation of the basic properties of apo B, such
as its amino acid sequence. Depending on the technique used

for delipidation, solubilization, and determination . of

10

molecular weight (MwW), different values for molecular weight

have been assigned to apo B. Thus, apo B has been reported
as a single subunit of about 540 kilodaltons (Kd (25)), or

two subunits of 250 K4 each (26), or even several
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polypeptides, 14 Kd-200 Kd (27). The susceptibility of LDL
to oxidation and proteolysis (28) can result in several
small MW polypeptides. Inconsistent observations among
laboratories in studies on apo B have been attributed to
lack of attention to protective measures, such as chelating
agents, antioxidants, antibacterial reagents, protease inhi-

bitors, and adequate storage conditions (29). Two out of

‘the fourteen sylfhydryl groups of apo B are free and suscep-

tible to interaction with peroxides of fatty acyl moieties
(30). Trace metals (28) are thought to be responsible for

initiating oxidative aggregation of apo B.

Apo B is a glycoprotein with 8-10% carbohydrate content
(31). Although its amino acid and carbohydrate compositioﬁs
have been determined, the primary structure has not yet been
assigned. Immunochemical characterization of bartially—
cleaved apo B has suggested the presence of repeated
sequences (32). Recently  a partial sequence of a proteo-
lytic fragment of apo B (33) has been described and work is
directed at 1isolation of apo B mRNA. The latter may prove
fruitful in determination of apo B properties through the

use of recombinant DNA technology.

Two immunochemically distinct variants of apo B have
been detected (25). The onei(apo B-48) from the intestine
is found mainly in chylomicron and intestinal VLDL, and the
other (apo B-100) from liver is commonly seen in LDL and
hepatic VLDL. Often, two minor components (apo B-74 and apo

B-26) are also present in LDL preparations which may

11



represent proteolytic fragments of apo B-100 (34). By means
of monoclonal antibodies to apo B, two allelic variants to
apo B have been recently identified (35). Polymorphism in
apo B may prove to be of clinical significance as implicated
by the work of Mao et al (36). Their studies show that
patients with coronary heart disease have a significant
increase in a form of plasma apo B that is recognizable
specifically by one out 'of the four monoclonal anti-apo B

antibodies they have produced.
3. Polydispersity Among LDL: Physical-chemical Evidence

Lipoproteins within the density class of LDL (from dif-
ferent individuals as well as from a single human subject)
are particles that exhibit a range of size (37,38), molecu-
lar weight (39,40), hydrated density, flotation rate, and
chemical composition (24, 41-44). Early work of Lindgren et
al (43) and Adams et al (44) reported at least three subc-
lasses of LDL differing in density, Sof rate and

lipid/protein ratio in plasma of a single subject. Fisher

et al (45) postulated that, for the same amount of apopro-

12

tein within each of the major LDL subclasses (Sof rate 20,

10, 4) the larger molecular weight components may be gen-
erated by the addition of specific increments of lipids,

particularly TG and PL.

Subfractionation of LDL from a single individual by
equilibrium density gradient ultracentrifugation indicated
the presence of three (24) to six (38) density classes. By

means of polvacrylamide gradient gel electrophoresis in the



latter study, multiple discrete subspecies were found within
each density fraction as well as within the unfractionated
LDL. A progressive decrease in average particle diameter,

peak s®_ rate, and TG/CE ratio was seen with increasing den-

f
sity; A major reduction in the core CE and surface consti-
tuents (PL, ©UC) was observed with increasing density and
decreasing particle size. With increasing density, there was
ah~ initial decrease in core TG content, however, there was
an abrupt increase in TG in the most dense LDL species (41),
suggesting a different metabolic origin for these species.

The major density subfractions of human plasma are classi-

fied in Table 2.

Desﬁite polydispersity within the LDL obtained from a
single individual, characteristic LDL profiles haQe been
found in individuals in similar metabolic states.b For exam-
ple, molecular weight and ultracentrifugal peak flotation
rates are generally larger in women than men. Interrelation-
ships between LDL and other lipoprotein subclasses have also
been established (43,46). Levels of LDL of SOf rate 3-5 are
inversely and significantly correlated, in both cross-
sectional and longitudinal studies, with levels of HDL, par-
ticularly the faster floating HDL2 component. Thus, females
generally have lower levels of the SOf rate 3-5 than males
and this 1is associated with substantially higher HDL, lev-
els. In addition, lipoprotein distributions with predom-
inantly faster floating LDL (and HDL) species (such as those

observed in most females) are characteristic of plasma with

13



Table 2 -Major subclasses of human plasma LDL

density range }1.025-1.035{1.035-1.040{ 1.040-1.050 | 1.050-1.060
(g/ml)
size range 278-255 255-246 246-232 232-218
(A)
S° range 10-7.5 7.5-5.7 5.7-4.0 . 4.0-1.0
(Svedberg
x 10! 3)
NL 2,* minor’ major'
NL o minor minor major
FHCS (?A&)* major finor
*
HTG (/&) major minor
severe HTG* major major
(3/a)

*

NL, normolipidemia; FHCS, familial hypercholesterolemia;
HTG, hypertriglyceridemia (plasma triglyceride level> 250
mg/d1); severe HTG is defined by plasma triglyceride Tevel
in the range of 500-1000 mg/dl.

*

'minor' and 'major' signify that the component is either

a minor or a major contributor to the pattern.

14



low VLDL levels. In other studies (47), a positive correla-
tion beﬁQeen plasma VLDL levels and the total core contenﬁ
(hence size) of LDL (and HDL) has been reported. These rela-
tionships are consistent with the observatiohs that subjects
with high plasma VLDL levels typically exhibit small, more

dense LDL (and HDL) species. 1In extreme cases of familial

hypertriglyceridemia (HTG), the major LDL component is

comprised of the slow floating SOf 0-4 (45), small (230-
245A, this dissertation), relatively TG-rich species. Such
LDL distributions are frequently associated with low HDL

levels (mainly HDL3 species).

Recently, however, an exception to this general rela-
tionship has been noted in some normotriglyceridemic (NTG)
subjects. Despite their normal plasma VLDL levels, these
subjects have small, dense, and relatively "apo B-enriched"”
(CE-poor) LDL species (48), that are somewhat similar  to
those found in hypertriglyceridemic subjects. The presence
of such "apo B-enriched" LDL speéies in subjects with normal
or elevated plasma lipid levels has beenvtermed as hyperapo-
betalipoproteinemia. When hypefapobetalipoproteinemia is
found in subjects with normal plasma TG levels, the subjects
frequently have a history of coronary heart disease. This
has created interest in further characterization of LDL pro-
perties in such individuals, since the new notion of a CE-
poor (smaller and more dense) LDL being associated with ath-
erogenesis is in contrast to the observation of the presence

of CE-enriched (larger and 1less dense) LDL species in

15



patients most prone to premature coronary disease, those

with familial hypercholesterolemia (18).

Of the properties of LDL, other than lipid composition,
that may contribute to LDL polydispersity, structural
polymorphism of apo B has recently gained interest. In
their study of immunoreactivity of LDL towards various mono-
clonal antibodies against apo B, Schonfeld et al (49)
reported marked variation in epitope expression of LDL from
different individuals. With some antibodies, the number of
epitopes expressed in LDL'from different individuals corre-
lated positively with the precentage of LDL-PL; with other
antibodies, epitope expression correlated positively with
the percentage of cholesterol and negatively with the per-
centage of TG, suggesting that both surface and core consti-
tuents of LDL may influence the exposure of apo B epitopes
to antibodies. Recent dataT demonstrate a decrease in epi-
tope expression, using selected monoclonal anti-apo B anti-
bodies, with increasing density (decreasing
cholesterol/protein weight ratio) of LDL. Reduced apo B
epitope expression, particularly in the most dense LDL may
either be due to the presence of minor apoproteins (e.g. apo
C (24)), or might imply differences in apo B conformational
properties across the LDL spectrum. Though earlier findings
(50) have shown that molecular domains in LDL susceptible to

trypsin cleavage are invariable in LDL from different

T

Krauss R.M. and Marcel, I., personal communication.
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donors, the new findings with monoclonal antibodies imply
that lipoprotein polydispersity is also related to differ-

ences in apo B organization.

4, Metabolic Bases of LDL Polydispersity

Metabolically LDL arise predominantly from lipolysis of
TG-rich 1lipoproteins. Understanding how lipolysis leads to
LDL formation may provide insight into the metabolic origins
of LDL polydispersity. 1In addition, LDL polydispersity may
result from de novo cellular biosynthesis of LDL and inter-
éonversion (i.e., shifts in distribution due to interaction
with cells, 1lipolytic enzymes, proteoiytic enzymes, and
lipid transfer ©proteins) among species within the LDL den-

sity range.
a. Origins of LDL: Direct Cellular Synthesis

Early turnover studies (51) suggested that VLDL produc-
tion was sufficient to account for all of the LDL productioh
observed in normolipidemic individuals. Later studies
showed a discrepancy between the turnover of VLDL apo B, IDL
apo B, and LDL apo B (52-55). This was observed in familial
hypercholesterolemia .(52,53), individuals on high carbohy-
drate diets (54), and in familial hypertriglyceridemia (55).
These studies showed that 20-72% of plasma LDL may be
derived from precursors other than VLDL and IDL.

The properties of newly-synthesized LDL are not known.

o
£

which enter plasma independent of VLDL secretion (56). Human

In the rat, LDL appear in the S_ rate range of 0-5, 65% of



Hep G2 cells in culture appear fo secrete negligible amounts
of VLDL, but do secrete two discrete spééies of
cholesterol-poor, TG-rich and PL-rich species within the LDL
density range (140). Properties of LDL in interstitial
fluids (57)* or liver cells (58), and the contribution of
these LDL to plasma LDL polydispersity have yet to be

evaluated.

b. Origins~of LDL: Lipolysis of TG-rich Lipoproteins

("Core Pathway")

The moleculér mechanisms -involved in production of LDL
from VLDL have béen studied in vitro (51, 59-62). During
core degradation, excess surface PL, UC and apo C and E are
released (11). The product LDL formed in vitro are apo B-
rich and appear in the 4 1.019-1.063 g/ml. These "LDL" are
larger, more heterogeneous and contain surplus CE molecules

(60) .

The processes leading to conversion of these "LDL" té
LDL of normal composition and size are still not known. It
has been postulated,(SQ-GO) that conversion of such "LDL" to
LDL with normal size and composition involves, firstly, CE
depletion of the core of the "LDL" particles in exchange for
TG, and secondly lipolysis of the core. Core exchange plus
lipolysis leads to formation of smaller, more dense species

with reduced core contents. 1In plasma, such core exchange

*Also see Forte, T.M., Reichl, D., Hong, J.L., and
Ruda, D.N., abstract submitted to American Heart Asso-
ciation. '
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can be facilitated by lipid transfer proteins (for review
see ref 62) and the donor of TG is mainly VLDL. The amount

of TG available (as VLDL) for core exchange presumably

determines the extent of core TG enrichment of the "LDL".

The particle size and hydrated density of the final LDL pro-
ducts are presumably determined by the extent of lipolysis
of this TG. Support for this comes from the observation
thét plasma VLDL levels (hence the TG available for exchange
with the LDL core moiety) directly correlate with the mass

of the LDL core components (which is indicative of LDL par-

ticle size and density).

c. Interconversion Among LDL Subpopulations: "Core

Pathway" and "Surface Pathway"

Core exchange and depletion via 1lipolysis can also
occur for particles within native plasma LDL density range,
producing a shift in LDL distribution to smaller, more dense
species. Such a "core pathway" may contribute to LDL
polydispersity. 1In addition to the "core pathway", LDL
interconversion may also occur via reduction in content of
surface components. For example, conversion of LDL to
smaller species could result from a decrease iﬁ sur face
lipids (e.g. via transesterification of surface PC and UC by
LCAT or lipolysis via phospholipases) or degradation of sur-
face protein (e.g. via proteolysis). A recent report (63)
has described interconversion of LDL to more dense species
when when plasma was incubated without an LCAT inhibitor. In

these LDL, the percentage of core lipids increased, but the
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content of surface components decreased. Electron micros-
copy did not reveal any significant changes in LDL particle
size or shape. The opposing effects of core versus surface
alteration on LDL particle size remains to be assessed with
more sensitive methods. 1In this thesis, the first part of
the Results section describes an investigation of changes in
LDL properties associated with LCAT activity during plasma

A\l

incubation.

Recent in vivo studies (64) indicate bidirectional
shifts of apo B tb higher (as well as lower) density LDL
species following injection of specific radiolabelled LDL
subpopulations. Whereas transformation to smaller, more
dense species may occur due to core depletion and passive
loss of surface constituents during lipolysis, interconver-
sion to larger species would probably require either core
and/or surface enrichment of the smaller species. Surface
enrichment would most likely result from interaction with
surface components of lipolysis (i.e. vesicular and
discoidal complexes of PL, UC, and apoprotein); Surface

enrichment in the case of HDL, both in vivo (65) and in

vitro (11,66,67), leads to conversion to larger, less dense
species via increase in surface PL. The half life of LDL in
plasma (68) is long enough that it, too, can interact with
surface-derived components 1in vivo. The poésible inter-
conversion of LDL upon interaction with surface components
and the role of LCAT, lipid transfer proteins, and other

plasma proteins in such interactions has not previously been

20



studied and is a major focus of this thesis.

21



II. Overview of Thesis

To investigate changes or interconversions in LDL that

might be initiated by interaction of LDL with excess surface

products during lipolysis of TG-rich lipoproteins, in vitro

incubation studies were carried out. As analogues to
surface-derived structures, vesicles of PC (PCV) and
discoidal complexes of PC and apoproteins (DC) were used.
Initial studies investigated the effects of élasma incuba-
tion on LDL properties 1in the absence of PCV. 1In these
baseline studies, the role of plasma factors that may parti-
cipate in LDL and PC interaction, namely LCAT and LTPs, was

evaluated. Incubation studies on plasma plus PCV were car-

ried out and changes in LDL particle size and distribution

were detected by gradient gel electrophoresis (GGE). By
means of reconstitution experiments, essential determinants
of LDL particle size and distributions changes were identi-
fied. The role of factors such as HDL and the plasma d4>1.20
g/ml fraction was assessed. Several biophysical techniques
were utilized to characterize the LDL products formed at
various stages-of particle size and distribution changes.
Subfractionation of incubation mixtures for the purpose of
chemical analysis of the LDL products was attempted. Diffi-
culties were encountered in separating PCV from LDL and
other interaction products. Hence, emphasis was placed on
studies evaluating the interaction of LDL with a different
surface product of lipolysis, namely discoidal complexes of

PIL, and apoprotein. Discoidal complexes (DC) were used and
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these proved to be particularly suitable for fractionation
from LDL:fp;oducts. To evaluate whether effects préviously
seen with PCV could also be demonstrated with DC, similar
experimental approacheslwere used as with PCV. The particle
size increases observed by us during incubation of LDL with
PCV and other plasma components (HDL, the plasma d4>1.20 g/ml
fraction) also occurred with DC. However, not all of the
effects observed with PCV were seen with the latter. Frac-
tiénation of incubation mixtures containing DC provided
insight into the bases for particle size change. PL uptake
by LDL was found to be the major contributor and changes in

apoprotein structural properties accompanied PL uptake.
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III. Methods

A. Lipoprotein Preparation

Blood was drawn from human subjects after an overnight
fast into tubes containing KZEDTA (2.5mM). An alphabetical
list of the subjects used in this dissertation 1is provided
in Table 3. Plasma was separated by centrifugation (twice
at 1800 rpm, 4°C, 20 min). Sodium azide (0.2 mg/ml) or
ethylmercurithiosalicylic acid (merthiolate, 0.12 mM), and 5
ul/ml penicillin-streptomycin (10000 units/ml-10000 g/ml;
Gibco) were immediately added as antibécterial agents. For
certain incubation studies, phenylmethylsulfonylfluoride
(PMSF, 2mM; Sigma), or reduced glutéthione (GSH, 1.6 mM;
Sigma), were also added to plasma in order to inhibit possi-
ble proteolysis or 1lipid oxidation, respectively. When
necessary, ditﬁiobis-(2-nitrobenzoic.acid) (DTNB, 2 mM), 2mM

" p-chloromercuriphenylsulfonic acid (PCMPS, Sigma), or 1.4 mM
diethyl p-nitrophenyl phosphate (paraoxon, PX; Sigma), were

added as inhibitors of LCAT.

Lipoproteins were isolated by sequential ultracentrifu-
gation (Beckman 40.3 rotor, 24h, 400000 rpm, 15°C) after
appropriate density édjustment with solid NaBr. Routinely,
only two ultracentrifugal steps were used to isolate each
lipoprotein class. First, plasma adjusted to d 1.063 was
spun and the ¢top 2 ml, containing VLDL, IDL, and LDL was
removed. Then this fraction (the d<1.063 g/ml) was layered

under 4 ml of a d 1.006 solution and centrifuged. The VLDL
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Table 3 -Alphabetical 1ist of subjects

subject | age |[sex jplasma TG status

Ap |26 | M NTG
B6 |29 | m 120 mg/d1
8 |33 |F 130 mg/d]
DJ (30 | M NTG

DR 41 F @1000 mg/d1

EB 48 M 198 mg/dl
GH |49 | F  NTG

6k |30 |F NTG
B |-- | F @1000 mg/d1-
JG |52 | M 550 mg/d1
kP |-- | F NTG

LS 40 M @1000 mg/d1

MB -- F NTG
RM -- F 109 mg/d1
TI 52 M 550 mg/dl

*NTG, normotriglyceridemic (plasma
triglyceride level< 250 mg/dl);
actual values not available.



and IDL (d<1.020 g/ml) appeared in the top 2 ml and the LDL
(@ 1.020-1.063 g/ml) appeared in the bottom 2 ml. - HDL (d
1,.063-1.20 g/ml) were isolated from flotation. at 4 1.20
g/ml of the ultracentrifugal d>1.063 g/ml plasma fraction.
An Lp(a)-enriched fraction (d 1.050-1.19 g/ml) was also iso-
lated from certain plasmas using a two-step sequential
ultracentrifugation. ‘Plasma was first spun at 4 1.050 g/ml,
the top 2 ml was - removed, and the bottom 4 ml was then
respun at 4 1.19 g/ml. The Lp(a)-enriched fraction appear-

ing in the top 1 ml was removed.

Single-step ultracentrifugation .(Beckman 50.3 rotor,
24h, 50000 rpm, 15°C) of plasma adjusted to d 1.20 g/ml was
used for isolation of fresh d>1.20 g/ml plasma proteins
("bottom fraction" designated BF) at the bottom 2/3 of the
tubes. In this case, the d<1l.20 g/ml lipoprotein-cohtaining
fraction'(top 1 ml) was removed and fractionated by gel fil-
tration in order to obtain separate classes of lipoproteins.
Gel filtration was performed on 6% beaded agarose gel
(2.5x100 cm Bio-Rad column, 30 ml/h, 4°C), using either 0.01

M Tris-0.19 M NaCl, 0.27 mM Na,EDTA, 0.12 mM merthiolate, pH

2
7.4 (buffer A) or 0.01 M Tris- 0.15 M NaCl, 0.27 mM NazEDTA,
0.12 mM merthiolate, pH 8.0 (buffer B). Following gel fil-
tration, fractions from the elution profile were character-
ized by gradient gel electrophoresis (GGE). Fractions con-
taining the HDL and the LDL were separately pooled and con-
centrated (Amicon XM-100) to 4-6 mg/ml protein for subse-

quent incubation studies. The HDL fraction purified by gel
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filtration was free of albumin or other plasma protein con-

taminants, and was thus used for apo AI isolation.

B. Phospholipid Vesicle Preparation

One hundred mg egg vyolk L-d-lecithin (20 mg/ml in
ethanol; Supelco) was dried under N2 (room temperature), and
vortexed in 5 ml buffer A (see Methods, section A) PC vesi-
cles (PCV) were prepared by sonication (Ultrasonics; 3 times
at 5 min intervals, 40 watts, under N2 and on ice). Large
aggregates and metal chips were removed by ultracentrifuga-
tion (Beckman 40.3 rotor, 15000 rpm, 10 min, 15° C), and the
vesicles were stored 1in screw cap glass vials (under N,,
4°C). As assessed by thin-layer chromatography (TLC), vesi-~
‘cles could be stored for at most one month without appear-

ance of oxidation products.

C. Preparation of Discoidal Complexes Comprised of PC and

Apo AL

Discoidal complexes of human apo AI and egg yolk phos-
phatidylcholine (DC) were prepared, using a detergent
dialysis technique (69). To prepare apo AI, the HDL
(obtained from gel filtration of the d<1.20 g/ml plasma
fraction) were incubated (3h, 37°C) in 4 M guanidine hydro-
chloride (GnHCl). The GnHCl was removed by dialysis (Spec-—
tropor 1 tubing, 6000-8000 MW cutoff; 4°C) against buffer B,
adjusted to 4 1.20 g/ml with NaBr, and the mixture was

ultracentrifuged (Beckman 50.3 rotor, 50000 rpm, 24h, lSOC).

27



The dissociated apo AI, which appeared in the ultracentrifu-
gal bottom 1.5 ml was removed and dialysed to buffer B.
Isolated apo Al gave a single-band on 2-16% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; see

Fig 2).

Egg-yolk phosphatidylcholine (15.4 mg in ethanol) was
dried wunder N2, dispersed in sodium cholate (23.25 mg in
buffer B), and incubated (30 min,\§7°C). Apo AI (6.35 mg)
was added‘while vortexing, and the mixture (total volume, 5
ml) was incubated (4°C, - overnight). For removal of the

sodium cholate, samples were first dialysed (Spectropor 1

tubing, 6000-8000 MW cutoff) against buffer B (4°C, 2 1, 3

changes in 24h). After dialysis, any residual cholate was
removed by passing the samples through a Bio-Gel P-4 column
(2.0x50 cm, 20 ml/h, room temberature) using buffer B. The
material eluting in the void volume contained discoidal com-
plexes of polydisperse particle size (Fig 3, lane 1l). Using
gel filtration on 6% beaded agarose gel (2.5xlOQ cm, 30
ml/h, 4°C) the major species (class 3, peak diameter 94p,
Fig 3, lane 3) in addition to minor components (l169A, class
4, and 80A, class 2, Fig 3, lane 3) were isolated from
larger complexes in the unfractionated disc preparation (Fig
3, lane 1l). This sample had a final PL:protein molar ratio
within the range of 88:1 to 100:1 and was used for incuba-

tion studies with LDL.
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Fig 2. Examination of the purity of a human apo AI prepara-
tion by SDS-polyacrylamide gel electrophoresis. Ten ul of a
preparation of apo AI (3.44 mg/ml) in a Tris-NaCl buffer
(buffer B, see Methods, section A) was added to ten pl of a
denaturing buffer (buffer C, see Methods, section G3), and
heated (60°C, 15 min). 10 pl of this mixture (lane 1) and
of a solution of molecular weight markers (Pharmacia HMW
protein mixture; 1 mg/ml in buffer C, 1lane 2) were
separately mixed with 5 pl of a sucrose-containing solution
(40% sucrose, 0.01% bromphenol blue in buffer B) and elec-

trophoresed on a 2-16% polyacrylamide gradient gel.
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Fig 3. Gradient gel electrophoresis (4-30%) of discoidal
complexes of PC and apo AI (88:1 molar ratio). Discoidal
complexes were prepared as described in Methods, section C.
GGE (using 4-30% gels) was performed on unfractionated
discoidal complexes (lane 1), a mixture of <class 3 and 2
discoidal complexes (lane 3) isolated by gel filtration, and

particle size calibration proteins (lanes 2 and 4).
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D. Incubation of Experimental Mixtures

Before incubation, all sahples were dialysed against
either buffer A (1980-83)* or buffer B (1983-84). 1In gen-
eral, incubation mixtures (0.5 ml to 12 ml) contained either
0.6 mg/ml LDL-protein in incubation with PCV (0.2-0.4 mg/ml
PC) or 0.3 mg/ml LDL-protein in incubations with DC (0.4-1.9
mg/ml PC). Where investigated, the following components
were incorporated into the interaction mixtures at thé lev-
els indicated: HDL (0.7 to 1.5 mg/ml protein), the d4>1.20
g/ml plasma fraction (at concentrations equivalent to plasma
level), human serum albumin (fraction V, fatty acid free, 35
mg/ml), and partially-purified PL or cholesteryl ester
transfer proteins i (80 pg/ml). Spécific composiﬁions of
incubation mixtures used 1in the various studies of Ehis

thesis are described with each experiment in the text.

Incubations (37°C, 15 min to 24h) were performed under
N2 either in screw cap glass vials or in snap-caplplastic
Eppendorf tubes (0.5 ml samples). Upon completion of incu-~
bation, the samples were chilled on ice and immediately sub-
jected to isolation (ultracentrifugation or gel filtration)
and characterization by GGE. In incubation mixtures con-
taining either‘thé d>1.20 g/ml plasma fraction or albumin,

isolation of 1lipoprotein products was achieved by raising

*A change in buffer at 1983 came about because of the
recommended use of higher pH for preparation of
discoidal complexes. .

**Gift of Dr. A.Tall.
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the density of the mixture either to d 1.063 g/ml1 or to d
1.20 g/ml, and ultracentrifugation (Beckman 50.3 rotor,

50000 rpm, 24h, 15°C).

To assess the possibility that changes in LDL surface
organization, particularly the apo B conformation, may
induce changes in LDL electrophoretic mobility, LDL was
exposed to a denaturing agent, GnHCl. Incubation (37OC, 6h)
in the presence of GnHCl (Sigma, 1M-6M) was carried out fol-
lowing addition of dry GnHCl directly to LDL (100 npg pro-
tein) in a total volume of 1 ml. and gentle vortexing.
After 1incubation, the mixture was either analysed directly
by GGE or was dialysed (initially at room temperature for 3
washes, and subsequently at 4°c for 3 washes) against buffer

B.

E. Ultracentrifugal Procedures

1. 1Isopycnic density gradient ultracentrifugation

(IPDGUC)

. Different subclasses of LDL were isolated using an
equilibrium density gradient ultracentrifugation technique
developed by Shen et al (41). An LDL-containing mixture
(typically 2 ml d4<1.063 g/ml) was first dialysed to 4 1.040
g/ml NaCl-NaBr solution and then layered above a 4 1.054
g/ml (2.5 ml) solution 1in a 1/2"x 1/2" cellulose nitrate
centrifuge tube. Then, 2.5 ml of a 4 1.0275 g/ml solution
was layered above the LDL. After ultracentrifugation (Beck-

man SW 45 rotor, 40000 rpm, 40h, 15°C), the top 0.5 ml and
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six 1 ml fractions were removed and identified by GGE. The
value of the background salt density was used to  estimate

LDL hydrated density.

When a shallow gradient was desired for further sub-
fractionation of LDL, 0.5 ml sample (dialysed to 1.067 g/ml)
was overlaid with 11.5 ml of a linear gradient (4 1.037 g/ml
to 1.049 g/ml) and ultracentrifuged (Beckman SW 41 rotor,
40000 rpm, 40 h, 20°C). This procedure was designated 2-
g;ad. The tubes were scénned (455 nm) with an RFT scanning
densitometer and then 1 ml fraclions were removed for chemi-

cal analysis.
2. Analytical Ultracentrifugation

Lipoprotein concentrations and flotation coefficients
were measured using analyﬁicalA ultracentrifugation of
lipoproteins at either 4 1.063 g/ml or 4 1.20 g/ml in a
Spinco Model E ultracentrifuge with schlieren optics, as

previously described (70).

F. Gel Filtration

Gel filtration on 6% beaded agarose gel was used for
isolation of (1) different lipoprotein classes from plasma
(Bio-Rad 2.5x100 cm column, 30 ml/h, 4°C, buffer A) and (2)
LDL from incubation mixtures containing DC (Bio-Rad 1.6x100
cm.column, 20 ml/h, 4°C, buffer B). Gravity-driven elution

under constant hydrostatic pressure was used in all cases.
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Before pouring the columns, thé beads were washed three
times 1in appropriate elution buffer and degassed. The
freshly-poured columns were first equilibrated with plasma
lipids by passing a concentrated d<1.20 g/ml lipoprotein
sample through the column and then eluting with several bed
volumes of buffer. Void volume was estimated using Blue

Dextran (Sigma).

Samples (10 ml for 2.5x100 cm column, 1-2 ml for
1.6x100 cm column) were applied the top of the column with a
long glass pipette, and introduced completely into the gel.
The column walls were washed with about 2 ml buffer, prior

to the start of fraction collection (4 to 5 ml/fraction).

G. Electrophoretic Techniques

1. Gradient Gel Electrophoresis:

.Electrophoresis (Pharmacia Apparatus) of LDL-containing
samples (less than 20 ug protein) was carried out in precast
2-16% polyacrylamide gradient gels (PAA 2/16; Pharmacia Fine
Chemical) wusing buffer (pH 8.3) contéihing 0.09 M Tris-0.08
M boric acid, 27 mM EDTA, and 0.12 mM merthiolate. Gels
were pre—-electrophoresed (125V, 15 min) prior to loading
samples. Approximately 20 ul samples, containing 1 part Aby
volume of a 40% sucrose solution, 0.01% bromphenol blue, and
1.75 mg/ml thyroglobulin (internal standard), were applied.
Routinely, experiments were designed so as to apply twelve
lipoprotein~containing samples and one reference protein

mixture (Pharmacia HMW protein mixture), to each gel.
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Samples and reference proteins were pre-electrophoresed (10
min each at 25V, 50V, and 75V) for entry of samples and
reference proteins into the gel. Then 4 nl diluted (1:10
vol:vol) carboxylated 1latex beads (Dow Diagnostics), used
for particle size calibration, was applied to the reference

protein lane.

Following electrophoresis (125V constant voltage, 24h,

A\

10°C in 1980-83, 15°C in 1983-84), the gels were fixed (0.5

h) in 10% sulfosalicylic acid, stained for protein (lh) in
0.04% Coomassie G-250 in 3.5% perchloric acid, and destained
in 5% acetic acid. For lipid staining, the gels were heated
.(55°C, 4-10h) in 0.04% 0il Red O in 60% ethanol immediately
after electophoresis and destained in 5% acetic acid. The
gels were then scanned with a model RFT densitometer (Tran-

sidyne) at 603 nm (protein stain) or 530 nm (lipid stain).

Electrophoresis of HDL or DC was carried out in precast
4-30% polyacrylamide gradient gels (PAA 4/30; Pharmacia) in
a manner similar to that described for 2-16% gels. The
reference protein mixture, used for particle size calibra-
tion contained thyroglobulin (hog thyroid, 170A), apoferri-
tin (horse spleen, 122A), catalase (beef liver, not used for
particle size measurements), lactate dehydrogenase (beef
heart, 8lA), and bovine serum albumin (71A). Area under
peaks (protein stain) within established size ranges of nor-
mal HDL subpopulations were measured to provide estimates of

lipoprotein concentration within each size range (71).
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2. Agarose Gel Electrophoresis

Lipoprotein patterns obtained by using electrophoresis
on agarose gels were determined according to the procedures

described by Hatch et al (72).
3. SDS-Polyacrylamide Gel Electrophoresis

Apoprotein composition of samples was determiﬁéd by
electrophoresis (10 ma/tube, 3-4 h, or 120V/slab, lh; 18°C)
in 0.01 M phosphate buffer, 0.01% SpS, pH 7.1 (buffer QC),
using either uniform polyacrylamide tube éels (10% and 4%),
or 2-16% (Pharmacia) polyacrylamide gradient.slab gels. The
gels were pre-electrophoresed (1.25 ma/tube for 0.5h, or
120v/slab, 0.5h) prior  to sample 1loading. Samples were
either delipidated with chloroform/methanol (53) or were
heated (100°C, 2-5 min) in the presence of a denaturing
buffer (buffer C: 0.01 M phosphate buffer, pH 7.4, 2% SDS,
2% mercaptoethanol). Aliquots containiné 10-50 ug protein
were mixed with a solution containing 40% sucrose and 0.01%
Bromphenol Blue (4 parts sample to 1 part dye solution)

prior to loading on the gels.

Electrophoresis was stopped when the tracking dye bénd
reached a distance of about 1 cm from the gel bottom.
Frozen samples of trypsin-treated or DC-exposed LDL (typi-
cally 100 ug protein) were first lyophilized, then the major
part of lipids and salts removed by several washes with
acetone/water (90:1 by volume). Denaturing solutiop (buffer

C) was added and the mixture was incubated {room
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temperature, overnight). Electrophoresis under denaturing
conditions was carried out, as previously described (74), in
3-27% polyacrylamide gradient gels. 40-50 ugm samples were
generally applied to the gels in order to assure detection

of the trypsinized LDL peptides.

The gels were fixed (40% methanol, 7% acetic acid,
10h), stained (0.25% Coomassie Blue R-250 in 45% methanol
and 9% acetic acid; lh), and destained (5% hethanol, 7.5%
acetic acid). Cross—-linked hemocyanin (Sigma), containing
five species of known molecular weight (70,000, . 140,000,
210,000, 280,000, 350,000), and the Pharmacia HMW protein

mixture (thyroglobulin, 330,600; apoferritin, 220,000 and

18,500; albumin, 67,000; catalase, 60,000; lactate dehydro- -

genase, 36,000) were applied to large pore gels (4% or 2-16%
gels) as molecular weight markers. The Pharmacia LMW pro-
tein mixture (phosphorylase b, 94,000; albumin, 67,000;
ovalbumin, 43,000; carbonic anhydrase, 30,000; trypsin inhi-
bitor, 20100; a-lactalbumin, 14,400) was also used for esti-
mation of molecular weight in the small pore (10%, 2-16%,

3-27%) gels.

H. Thin Layer Chromatography

Intactness of PC following PCV preparation was assessed
by analytical TLC. Silica-coated plates (Redi Coat H;
Supelco) were preheated (lOOOC, lh). 200 pg PCV and 10 al
standard polar 1lipid mix (lysophosphatidylcholine (LPC),

phosphatidylcholine (PC), phosphatidylethanolamine (PE) ,
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unesterified cholesterol (UC); 6.25 mg/ml each; Supelco)
- were applied and the plates were | developed in
chloroform:methanol:water (140:60:10) . Lipid location was
visualized by charring with concentrated sulfuric acid and

heating for a few minutes at 100°c.

Quantitative TLC was also used to evaluate any changes
in phospholipid species during incubation of LDL with apo

AI-PCDC. Total lipids were extracted from incubation mix-

tures with chloroform/methanol (2:1 by volume), as previ-

ously described (73). 150-300 pug extracted lipids and 500
ug standard lipid mix were separately applied to the plates.
Following identification of the lipid spots by iodine vapor
(75), LPC spot and the pooled PC, PE, sphingomyelin spots
were scraped off the plateé, extracted with methanol, and

analysed for phosphorous (76).

1. Compositional Analysis

Protein and phosphorous were measured according to the
method of Lowry (77) and Bartlett (76), respectively. Total
and unesterified cholesterol were quantitated, either enzy-
matically (Cholesterol Reagent Set, Boehringer-Mannheim), or
by gas-liquid chromatography of the N,O bis-
(trimethylsilyl)-trifluoroacetamide derivative of
cholesterol, according to the method of Hindriks et al (78).
Triglyceride was measured enzymatically (Triglyceride

Reagent Set, Boehringer-Mannheim).
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J. Proteolysis of LDL

To study the role of intact apo B in the interaction of
LDL with either PCV or DC, trypsinized LDL (T-LDL) was
prepared (123). LDL (5.2 mg protein in buffer A) was incu-
bated (37°C, 2h) with trypsin (Sigma; 5:1 LDL-protein:enzyme
weight ratio). Proteolysis was stopped by addition of soy-
bean trypsin inhibitor (Calbiochem; 2 mg). Released proteo-
lytic fragments were separated from the trypsinized LDL by
gel filtraton on 6% beaded agarose gel (2.0x100 cm column,
30 ml/h, 4°C). Fractions containing T-LDL were pooled, con-
centrated (Amicon XM-100A), and used for incubation studies

with PC sources.

The susceptibility of LDL (before énd after interaction
with PCV or DC) to préteolytic attack was examined by sub-
jecting isolated LDL products (100 ug protein in buffer B)
to limited tryptic digestion (37°C, lh to 4h, LDL-
protein/enzyme weight ratio, 100:1). Immediately folldwing
proteolysis, the samples were ffozen prior ﬁo analysis of

peptide fragments by SDS-PAGE.

The effect of trypsin‘on the particle size distribution
of LDL (before and after interaction with PCV or DC) was
studied by subjecting the LDL (either 430 jagm protein of
PCV-exposed LDL or 100 ngm DC-exposed isolated LDL) to lim-

ited tryptic digestion (37°c; 0.5 h, LDL-protein/enzyme

weight ratio of 5:1). Digestion was immediately followed by -

electrophoresis of the total incubation mixture on 2-16%

polyacrylamide gels under non-denaturing conditions.
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K. Assay for LCAT Activity

LCAT aétivity in incubation mixtures was assessed by
direct measurement of cholesteryl ester formed or by using
radiolabelled proteoliposome substrates (apo AI:PC:UC,
1:320:6.5 mole ratio containing 1.2 pcurie 14C-UC per ml)
according to a previously reported method (79). When
required, LCAT activity was inhibited by addition of either

DTNB, PCMPS, or PX.
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IV. RESULTS

A. Application gﬁ Gradient Gel Electrophoresis to Analysis

of Low Density Lipoproteins

Electrophoresis in gels, which have a higher viscosity
and frictional resistance relative to 'liquid media,
separates particles primarily according to particle size not
according to chaige. In gradient gel electrophoresis, par-
ticles migrate through a gel network of progressively
decreasing effective pore siZe and are retarded as they
approach their exclusion limit. For globular proteins which
are not highly asymmetrical or flexible, the exclusion limit
correlates with the particle's hydrodynamic volume and can

be used to determine the Stokes fadius of the particle.

Prior to study of LDL polydispersity with slab gradient
gels (2-16% polyacrylamide), several parameters were evalu-
tated for their potential effects on the determination of

particle size.
1. Electrophoresis Time

For estimation of LDL particle size by GGE, it was
necessary to establish the time required for particles in
the size range of LDL to reach their exélusion limit. Thus,
the relationship between migration distance and electro-
phoresis time of major LDL components and calibration pro-

teins was determined.
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LDL (within d<1.063 g/ml plasma fraction) were obtained
from plasma of subject KT. The GGE pattern of KT's LDL after
24h electrophoresis (Fig 4A) consisted of one major (230
migraﬁion units, mu) and three minor (174, 261, 288, mu)
components. Figure 5 shows that the migration distance of
the peaks of both the LDL and the calibration proteins
increased between 24h and 36h,‘and subsequently a plateau
was reached between 36h and 48h. Longer electrophoresis
times (between 48h and 68.5 h) surprisingly resulted, once
again, 1in an increase in migration distance with time and
were associated with a decrease in area under the LDL peaks
(Fig 4B and Fig 4C). This observation indicated that altera-
tions in gel properties (e.g. 1increased porosity) and/or
lipoprotein properties occurred at eiéctrophoreéis times
greater than 48h, 1leading to apparent loss of protein

*
species from the gel into the chamber.

Since particles approached their exclusion limit
between 24h and 36h, and the rate of change in migration
distance (between 24h and 36h) was similar for LDL (3.250 mu
per h; Fig 5) and for standard proteins (thyroglobulin,
3.500 mu per h; apoferritin, 3.417 mu per h), a convenient

electrophoresis time of 24h, was chosen for estimation of

*For both the LDL and calibration protein standards,
increased protein staining material at the top of the
gel occurred together with decrease in area under the
GGE peaks (Fig 4B). Because the buffer was recirculat-
ed in the chamber, the appearance of staining material
at the top of the gel may have been due to re-
electrophoresis of protein material 1lost into the
chamber.
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Fig 4. The effect of electrophoresis time (24h, Fig 4a;
68.5h, Fig 4B) on the gradient gel electrophoretic (GGE)
pattern of LDL (within the plasma d<1.063 g/ml fraction) and
on the areas under the LDL peaks (Fig 4C). The migration
distance in arbitrary units (mu) is indicated with each
peak. An internal standard protein (thyroglobulin; mu: 461
in Fig 4A and 542 in Fig 4B) was added to each sample. GGE
was performed on 2-16% gels and the areas (between arrow

heads) under LDL peaks were measured.
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Fig 5. Migration distance (in mu) of native LDL (N-LDL, sub-
ject KP), trypsin-treated LDL (T-LDL, subject BG; see
Methods, section J for method of preparation), and calibra-
tion proteins as a function of electrophoresis time. Elec-

trophoresis was performed on 2-16% gels.
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particle size for subsequent studies. Even when LDL were
modified by trypsin (37OC, lh, 5:1 LDL:enzyme weight ratio)
with a réduction of about 25% of their protein content
(50,123) and an increase in their negative charge, the rate
of change in migration distance (between 24h and 36h) was
similar to that of untreated LDL (3.250 mu per h). Thus,
our choice for electrophoresis time (24h)_appeared valid for
estimation of particle sizes not only for untreaied LDL and

other globular proteins, but for modified LDL as well.

2. Particle Size Measurement

4

Once the electrophoresis time was chosen, studies were

conducted to develop a procedure for determination of parti-

49

cle size, using protein and latex bead calibration standards:

-of  known size. Figure 6 shows a typical GGE pattern of a
reference calibration mixture. One major and several minor
peaks were noted for latex beads. The mean particle diame-
ter of latex beads (379), measured by négative stain veleé-
tron microscopy, was assigned to the major GGE peak. Of the
five reference proteins (thyroglobuliﬁ, apoferritin,
catalase, lactate dehydrogenase, albumin), in the calibra-
tion mixture, the latter two electrophoresed off the gel,
and only thyroglobulin‘(mean diameter,T 170A) and apoferri-
tin (mean diameter, 122A) could be used for LDL particle

size measurements.

TParticle diameters of globular proteins were calculat-
ed from wvalues of their diffusion coefficient and by
use of the Stokes-Einstein equation.



Fig 6. Gradient gel electrophoresis (GGE; 2-16% gel). of a
particle size calibration protein mixture. In this and sub-
sequent GGE studies, electrophoresis was carried out for
24h. The ordinate is migration distance and the abscissa is

absorbance at 603 nm (protein stain).
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Whereas apoferritin and thyroglobuiin showed 1little
variability 1in the absolute value of migration distances
-(1981-82, T 619+2% mu and 438+3% mu; 1983-84, 682+3% and
489+3%, respectively), considerable variation in migration
distance was noted for latex beads (average migration dis-
tance of major component, 1981-82, 60+27%; 1983—84, 78+19%) .
'This variation may have been due to the variability from gel
to gel in the low acrylamide concentration region at the top
of the gel. 1In occasional cases where deviations in migra-
tion distance greater than 20 mu occurred relati&e to the
average value, the average value was used for calibration

purposes.

Variation in migration distance and hence particle size
was observed for the same major component when applied to
different regions of the gel. Those samples applied at the
edges of the 'gel migrated less than those at the middle,
possibly because of better heat dissipation at the edges
than 1in thevmiddle. A characteristic U-shaped pattern was
observed in going across the gel (from side to side). The
pattern of ﬁigration as a function of position on the gel
did not affect particle size determination when the differ-

ence in the mu value (designated rmu) of the LDL component

TTThe variation in mu from 1981-82 to 1983-84 may have
been due to (a) the higher temperature of the bath dur-
ing electrophoresis in later vyears (15°C instead of
107°C), (b) possible changes in the properties of gels
bought from the manufacturer, and (c¢) difference in
sample buffers (buffer A, 1982-82 and buffer B, 1983-
84; see Methods, section A for buffer characteristics).
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relative to thyroglobulin (applied to each sample 1lane as
internal standard) was used. Similarly, rmu values for the
reference protéins were used for constructing calibration
curves. A linear <calibration curve (slope, 0.002+0.001;
-intercept, 5.159+40.012; Fig 7) and consistent size measure-
ments (+4A, standard error) were thus obtained between gels,

for the same LDL preparation.

\

Particle size measurements using the above calibration
method were checked against particle size obtained by elec-
tron microscopy (EM). Thevstandard error of the mean parti-
cle diameter using EM (+ 13A) was larger than that (+ 4A) by
GGE, even when a large number of particles (n=500) were
sized. Nevertheless, a significant correlation (r=0.95) was
found between the average sizes measured via these methods,
both in our present studies and in previous reports (88),
indicating that for the most part, GGE is a valid technique
for determination of particle size of untreated LDL. It
should be noted that particle sizes obtained by negative
stain electron microscopy were generally smaller (by about

10A to 30A) than those measured by GGE.
3. Applied Sample Concentration

Theveffect of LDL concentration on GGE profile was also
evaluated. A range of suitable sample concentrations was
determined at which consistent GGE patterns could be
obtained. For this purpose, the number and rmu values of
components within an LDL pattern (subject MB, Fig 8) were

examined at various applied sample concentrations. At the
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Fig 7. Gradient gel electophoresis calibration <curve for
particle size determination. Difference in migration dis-
tances of calibration proteins relative to thyroglobulin
(rmu) wére determined. from patterns of the calibration mix-
ture. The calibration curve in this figure was constructed

from the means of rmu values obtained from 18 separate pat-
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terns (see Fig 6 for a typical pattern). The normal LDL -

size range (218-278A) corresponded to the rmu range of

approximately 130-290.
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Fig 8. Effect of applied sample concentration on gradient
gel electrophoretic patterns of LDL. Aliquots of an LDL
preparation (subject MB, plasma d 1.019-1.063 g/ml fraction;
7.16 mg/ml protein) were diluted with buffer B (see Methods,
section A) to provide equal application wvolumes containing
(A) 5.5 pg; (B) 639 ug; (C) 13.8 ué; (D) 27.6 ng:; (E) 55 ng

LDL protein.
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lowest applied sample level (5.5 ugm; Fig B8A), one major
peak (rmu, 174) and three minor peaks (rmu, 200, 162, 149)
were observed. With increasing applied sample concentra-
tion, between S.S rg and 13.8 ng, the rmu values of the
peaks remained essentially unchanged; and as expected, the
areas under them progressively increased (Fig 8B and 8C).
However, at 27.6 ug (Fig 8D), the relative contributions of
the two major peaks (rmu, 190 and 1735 to the LDL pattern
were different from those of corresponding peaks (rmu, 189

and 175) at 13.8 jug.

To check whether the areas under the LDL peaks obtained
by .densitometry of gels (previously stained for protein or
lipid) could be used for estimation of the content of LDL
components in GGE patterns, areas under the LDL peaks (Fig
9) were plotted against applied LDL-protein concentration.
A linear <curve was obtained up to approximately 14 ng pro-
tein Above 24 ng protein, a plateau was reached which coin-
cided with the appearance of an entirely different pattern
(Fig 8D and 8E). Thus, sample concentrations in “the range
of 5-24 jng were used in all subsequent work, which insured
both adequate detection of LDL peaks dhring densitometry and

consistency of GGE patterns.
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Fig 9. Area under gradient gel electrophoretic peaks of LDL
as a function of applied sample concentration. Aliquots of
LDL (d<l1.063 g/ml fractions; subject MB, <circles; subject
BG, triangles) were diluted with buffer B (Methods, section
A) prior to application to the gel. Densitometric scans of
gels stained for either protein (solid circles), or lipid

(empty symbols), were used for area determination.
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B. Effect of Whole Plasma Incubation on Properties of

Lipoproteins

Our first studies invéstigating interaction of LDL with
analogs of surface-derived products were performed with
whole plasma. Control studies investigating thé effects of
whole plasma incubations on LDL, in the absence of model
surface products, were conducted to evaluate the contribu-
tion of factors in plasma, such as LCAT, lipid transfer pro-
teins (LTPs) and other " lipoproteins (e.g., ﬁDL).' During
incubation of plasma, LCAT utilizes the PL and UC lodatéd dn
the surface of the major lipoprotein classes to greater or
lesser degree (63,80). The CE formed by the action of»LCAT
is rapidly found in HDL, but with longer incubation time it
also appears: in LDL and VLDL (8l). Interconversion from
small, more dense to iarge, less dense HDL species has been
observed during plasma incubation (82-84). This inter-
conversion was initially explained as primarily due to the
build up of LCAT-derived CE in HDL (83). However, complete
inhibition of LCAT activity did not completely inhibit the
interconversions (82,84). Consistent shifts in HDL distri-
bution towards larger, less dense species was still observed
but to a lesser degree in the presencé of an inhibitor. The
basis for this residual shift in HDL particle size and den-
sity still remains unknown, but may relate to the reciprocal
exchange of CE and TG between VLDL and HDL (62,85,86), or
transfer of PL among lipoprotein subclasses (85,86), facili-

tated by plasma LTPs.
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VLDL and LDL also provide LCAT substrates and are in
fact the major acceptors 6f LCAT-derived CE during longer
term (>1lh) plasma incubation (8l). Thus some interconver-
sion in their particle size and density distribution might
occur, similar to that observed for HDL. In addition, it is
possible that plasma factor(s) such as LTPs also contribute
to interconversion among VLDL and LDL subpopulations by vir-
tue of the transfer of LCAT product (CE) to LDL and VLDL,
and the reciprocal exchange of CE in LDL for TG for VLDL.
Due to the slow gradual nature of TG transfer, possible
interconversions resulting from core modifications are
expected to be detectable at longer (>6h) incubation times.
The studies which examined the effects of plasma incubation
on HDL size and density distribution did not investigate the
effects, if any, on LDL physical properties. Our control
studies on whole plasma incubation examined the effects of
LCAT activity as well as lipid transfer by 1lipid transfer

proteins on LDL particle size distribution.

1. Apparent Particle Size Distribution of LDL Following

Whole Plasma Incubation

To study the effect of whole plasma incubation on the
LDL particle size distribution, GGE pattern (Fig 10, lipid
stain) were obtained on plasma from a normolipidemic human
female (GL). The profile of LDL in nonicubated plasma (Fig
10A) contained a major peak (278A), at the upper bound of
normal plasma LDL size range (218-278aA), and three minor

veaks (266A, 252A, 234A) within the LDL size range. Larger
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Fig 10. Effect of whole plasma incubation (37OC, 6h) on the.

particle size distribution (using 2-16% gels;—iipid stain)
of LDL (subject GL). (A) nonincubated plasmé; (B) plasma
incubated 1in the presence‘(dashed curve) or absence (solid
curve) of an LCAT -inhibitor (dithiobis-(2-nitrobenzoic

acid); 2 mM).
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components near the gel top (>365A) corresponded to VLDL

species.

Incubation (37°C, 6h) of GL's plasma resulted in a con-
siderable change in the LDL pattern. Without an LCAT inhi-
bitor, a marked decrease in the area (lipid stain) under Ehe
larger components (278A and 266A; Fig 10B) occurred,
together with an increase in thé area under the\xsmallest
component (228A). In the presence of an LCAT inhibitor,
DTNB * similar changes in GGE pattern were observed except
that the decrease in  area under the lérger components as
well as the increase in area under the smaller compoﬁents
were markedly attenuated. These data suggested that inter-
convgrsion of large (278-252A), major components to smaller
species was primarily associated with LCAT activity. Such
interconversion was probably due to loss of LDL surface com-
ponents (PC, UC). With inhibition of LCAT activity, no
major loss of LDL surface components occurs and less inter-
conversion to smaller species would be expected. The inter-
conversion noticed in GL's pattern, when plasma was incu-
bated 1in the presence of DTNB, may have been due some resi-

dual LCAT activity.T

If the interconversion to smaller species were pri-

marily due to LCAT-~induced loss of surface components, less

*DTNB is a sulfhydryl group blocker that does not in-
terfere with the activity of CE-TG transfer protein.
TThe extent of LCAT inhibition was not checked in this
orienting study.
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change in LDL patterns might be expected 1in plasma which
provides a higher amount of substrate PC and UC available as
VLDL instead of LDL. To study the effect of VLDL 1level on
changes in LDL properties during ﬁlasma incubation, plasma
was obtained from three individuals (RM, CB, EB) with a
.range of TG levels. Incubations were performed using a
relatively short time period (6h) to minimize changes due to
TG transfer to LDL. Also, to further substantiate the GGE
observations on LDL in whole'plasma using lipid staining, we
performed GGE on the isolated LDL (within the d<1.063 g/ml
plasma fraction) and the gels were stained for protein. The
lipid and 1lipoprotein concentrations of plasma from the
three individuéls used in this experiment are 1listed in
‘Table 4. Plasma TG level and VLDL/ (LDL+HDL) weight ratios
increased in the order of RM, CB, EB. RM and CB's LDL by
GGE each consisted of a large, major (RM: 268A, Fig 11, top;
CB: 261A, Fig 11, middle) and a smaller minor (RM: 255A; CB,
251A) component. EB's pattern (Fig 11, bottom) had a small,

major (248A) and a larger minor (260A) component.

Upon incubation (37°c; 6h) of plasma frbm RM and CB, a
substantial increase in the area (protein stain) under the
smaller minor components occurred (RM, Fig 11, top; CB, Fig
11, middle) in conjunction with a decrease in area under the
larger major peak. The small, minor (251-255A) LDL com-
ponents appeared to arise from the larger major (256-268a)
species. The particle size of RM's major component

decreased, but that of CB's major component did not change.
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Table 4 -Plasma 1ipid and lipoprotein concentrations (mg/dl)

in subjects RM, CB, and EB.

subject
RM CB EB
triglyceride 109 130 198

*

VLDL (calculated) 128 173 301

%%

LDL (ANUC) 283 175 155
sk

HDL (ANUC) 351 352 163

VLDL/(LOL+HDL)®  0.21  0.33  0.95

*

VLDL level was deduced from plasma
triglyceride level, assuming that
VLDL is 60%, LDL is 7%, and HDL is
4% triglyceride.

*
* ANUC, analytical ultracentrifugation.
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Fig 11. Effect of whole plasma incubation (6h, middle
column; 24h, right column) on the particle size distribution
of LDL (subjects RM, top row; CB, middle row; EB, bottom
row). Particle diameters of the major and minor components

are marked in the patterns.
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Both the formation of the small, minor species (RM and CB)
and the decrease in particlé size of the large, major
species (RM) were prevented when LCAT and TG transfer
activities were simultaneously inhibited by PCMPS (not
shown). Incubation of EB's plasma, which contained the
highest TG level, showed no formation of small components in
the presen?e of LCAT activity (Fig 11, bottom). In addi-
tion, the particle size of EB's major LDL component did not

decrease at 6h as observed for CB. Thus, a trend towards

70

more extensive change (i.e., decrease) in particle size of

the major LDL component with decreasing plasma VLDL level
was observed. This relationship was probably due to a more
extensive depletion of LDL surface components when VLDL
'level and its PL and UC contribution is lpw. It is
interesting that new, small minor components (251-255A) were
formed only in plasma (GL, RM, CB) with an initially larée

(261-278A) major LDL component.

2. Effeét of Incubation Time on Particle Size Distribu-

tion bf LDL

Previous repofts (81) have indicated that LCAT-
dependent cholesterol esterification (associated with utili-
zation of surface components) occurs linearly with_time dur-
ing the first lh and reaches about-SO% maximal level by 6h.
On the other hand, exchange of TG (in the d<1.006 g/ml
plasma fraction) with CE (in LDL and HDL fractions) via
plasma LTPs is most apparent at 1longer incubation times

(between 6h and 24h). Core enrichment and surface depletion



are expected to have opposing effects on LDL particle size

and the LDL profile may depend on the time of plasma incuba-

tion.

To study the effect of incubétion time on LDL profiles,
plasma from the three subject (RM, CB, and EB) were incu-
bated (LCAT active) for 24h. As shown in the previous sec-
tion (section Bl) an increase in area (p;otein stain) under
the small, minor component occurred at 6h. At 24h, the area
under this small, minor 'LDL component was iess in these two
plasmas than that at 6h (see Fig 11). The particle size of
the major component at 24h either did not change relative to
that at 6h (RM, Fig 11; top), or increased (CB, Fig 11, mid-
dle). Like the LDL in CB's plasma, the major componenﬁ of
EB's LDL (Fig 11, bottom) also increased at 24h (256A versus
248A, nonincubated). Thus, the reduction in particle size
due to surface (PL, UC) depletion at.6h is apparently com-
pensated for, or actually overridden (depending on plasma
VLDL levels), by the effect of core (CE and TG) accumulation
at 24h. Prevention of both LCAT* and TG transfer activity
by PCMPS, markedly attenuated the particle sfze increase at

24h (EB, not shown).

3. Particle Size Distribution of HDL Following Whole

Plasma Incubation

*In these studies, we confirmed the inhibition of LCAT
activity by PCMPS by showing that cholesterol esterifi-
cation was less than 2% up to 24h. '
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Changes in LDL particle size distribution were also
associated with changes in HDL size distribution during
whole plasma incubation (1l5min to 24h). Analysis (see
Methods section for method of GGE analysis) by GGE of RM's
HDL distribution in nonincubated plasma (Fig 12,top) showed

it to consist of 31% (HDL (major peak at 103A), 22%

2b)gge

(84A), 27% (HDL (79a), and the rest as

(HDL

2a)gge 3a)gge

smaller HDL species. E~'s HDL (Fig 13, top) consisted

(30%; 83A) and (HDL (24%; 78A).

mainly of (HDL

3a)gge 3b)gge

During incubation (l1h-24h) of plasma in the absence of an
LCAT inhibitor, interconversion of the small HDL3 species to

the 1large (HDL species occurred between 3h-6h (i.e.

Za)gge
somewhat earlier than the time when changes in LDL patterns

{not shown) were observed) which and leveled off at about

16h (RM, Fig 12, left column; EB, Fig 13, left column).

In the presence of an LCAT inhibitor (PCMPS), conver-

sion of (HDL to (HDL,.) was reduced but not

3a)gge gge
prevented in RM's plasma (Fig 12, right column). In EB's
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plasma (Fig 13, right column), interconversion was not .

attenuated by PCMPS' (even when full inhibition of LCAT
activity was shown). Thus, major changes in HDL distribu-
tion occurred in the absence of changes in LDL distribution
during incubation (3h-24h) of plasma with PCMPS, suggesting
that factors other than LCAT and TG transfer protein (inhi-
bited by PCMPS) can alter HDL patterns. Similar shifts (in
the absence of LCAf activity) in the HDL distribution

towards larger species have recently been reported (84) and



Fig 12. Effect of whole plasma incubation on the particle
size distribution of HDL (subject RM). Gradient gel elec-
trophoresis (4-30% gel; protein stain) was performed on HDL
(plasma d 1.063-1.20 g/ml fraction) following incubation
(37°C; 3h, second row; 6h, third row; 24h, fourth row) of
whole plasma either in the absence (-PCMPS, left column) or
presénce (+PCMPS, right column) of an LCAT inhibitor (p=-
choloromercuriphenyl sulfonic acid, PCMPS, 2 mM). The pat-
tern of nonincubated HDL (first row) is also shown. Migra-
tion -intervals of human plasma HDL subpopulations (HDLZb'

HDL HDL3a, HDL3b, HDL3c (71)) are indicated.

2a’
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Fig 13. Effect of whole plasma incubation on the particle
size distribution of HDL (subject EB). See legend to Fig 12

for details.
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linked to the action of a heat-labile protein in plasma. In
another report (86) it has been shown that PL transfer pro-
tein (PLTP) of plasma is the only heat-labile LTP which also
accelerates HDL tranéformatibn to 1larger, less dense
species. Therefore, PLTP may be involved in alterations
observed in HDL particle size distribution during incubation
of plasma with.PCMPS. If this assumption is correct, it is
interesting that such an interaction (with PLTP) seemingly

had no effect on LDL size distribution.

4. Isolation and Chemical Characterization of LDL Fol-

lowing Whole Plasma Incubation

We next evaluated whether the changes in LDL particle
size distribution during plasma incubation were éssociated
with changes in other LDL properties, such as hydrated den-
sity. We investigated LDL after 6h plasma incubation during
which the TG-transfer effect on the LDL pattern was minimal.
Isopycnic density gradient ultracentrifugation (Z-grad; see
Methods, section El) was performed directly on plasma from
subject GK, who had a large (272A), major LDL component (Fig
14A). Minor components (264A, 256A, 248A) were also present
in the GGE pattern of GK's LDL. Incubation (37°C, 6h) of
this plasma resulted in a profile with one major (267A) and
three minor (257A, 251A, 238A, Fig 14B) components. As
expected, an increase in area (protein stain) under a small
(251A) minor component occurred and the particle size of the
major component decreased following plasma incubation.

‘Inhibition of LCAT (but not LTPs) by PX prevented these

77



Fig 14. Effect of whole plasma incubation on the particle
size distribution (2-16% gel; protein stain) of LDL (p;asma
d<1.063 g/ml fraction; subject GK). Gradient gel electro-
phoretic patterns are for (A) nonincubated plasma; (B) incu-

bated (6h) plasma.
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shifts in LDL pattern (not shown), supporting our notion

80

that changes in LDL pattern at 6h are for the most part due

to LCAT reaction in plasma with low TG levels.

Densitometric scans (455 nm; Fig 15, top) of the ultra-
centrifugal tubes indicated a marked shift in LDL distribu-
tion towards higher densities when plasma was incubated (6h)
in the absence of an LCAT inhibitor. The observations with
densitometric scans were confirmed by demonstration of simi-
lar shifts in protein mass measured chemically (Table 5).
Thus, a decrease in protein mass within the 4 1.029 frac-
tion, containing large (280A) species, was associated with
an increase in protein within the 4 1.030 to 1.039 frac-
tions} containing the newly-formed small (249A; see Table at
the bottom of Fig 15), minor components. Also, the particle
size of the major components (see Table at the bottom of Fig
15) within ultracentrifugal fractions was smaller for the
sample from incubated plasma, consistent with the shifts
observed in the pattern of the unfractionated sample. fn
the presénce of PX, no shifts in mass distribution of pro-
tein across the density gradient (Table 5) or particle size

distribution of LDL were noticed.

Results of analysis of both GGE (see Table at the bot-
tom of Fig 15) and compositional data (Table 5) were con-

sistent with interconversion of the large (280A), major to

the small (248-250A), minor components. This interconver-.

sion was associated mainly with a decrease in LDL surface

components (PL and UC) resulting from LCAT acitivity. An



Fig 15. Densitometric scans (455 nm) of tubes containing
nonincubated (solid curve) and 1incubated (dashed curve)
plasma (subject GK). Plasma was layered beneath a 1linear
density gradient and isopycnic density gradient ultracentri-
fugation was performed according to Methods, section El.
One ml Aaliquots were removed. The density of corresponding
fradtions of a background salt solution and particle diame-
ters of the major and minor components within the gradient
gel'electrophoretic (GGE) pattern of each wultracentrifugal
fraction are shown in the table below the scans. The GGE
patterns of unfractionated LDL for this subject are shown in
Fig 14. The densitometric scans of the tube containing
plasma incubated in the presence of an LCAT inhibitor
(paraoxon, 2 mM) and the corresponding GGE patterns of each
ultracehtrifugal fraction (data not shown) were similar to

those of nonincubated plasma.
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' *
Table 5 -Ultracentrifugal fractions : distribution of protein (Mg)

. * %
and chemical composition (weight ratios).

fraction mean protein CE/P TG/P UC/P  PL/P
density

1 1.029 noninc 291.9 1.72 0.35 0.43 0.88
inc ¢ 200.1 1.85* 0.40 0.34 0.88

inc+PX 275.7 cmmml mmme mmee eeee

2 1.030 noninc 141.4 1.50 0.12 0.45 0.88
inc 156.2 1.68 0.14 0.35 0.75

inc+PX 145.0 mmmm mmme memee eeee

- 3-4 1.034 noninc 117.0 1.35 0.15 0.47 0.95
inc 187.8 1.48 0.17 0.33 0.81

inctPX 142.6 D

5-6 1.039 noninc 46.8 1.09 0.28 0.39 1.06
inc 63.1 1.18  0.22 0.26 0.80
inc+PX 53.5 see e emem oo

x*

see Fig 15 for description of the conditions. Chemical data
are presented for the sum of fractions 3-4 and fractions 5-6.
Fractions 7-12 contained little protein.
*%

weight ratios of cholesteryl ester/protein (CE/P), trigly-
ceride/protein (TG/P), unesterified cholesterol/protein (UC/P),
and phospholipid/protein (PL/P).

f
PX, paraoxon, an inhibitor of lecithin:cholesterol acyltrans-
ferase.

ﬂ'analysis not performed.



increase in content of core components of LDL in incubated
.'plasma was apparently not sufficient to compensate for the

surface loss, the size decrease, and the density increase.

It shouid be pointed out that even the use of a density
gradient as shallow as the Z-grad did not enable isolation
of the small, minor LDL products of plasma incubation from
the large, major LDL component. fhis was unexpected in view
of the size versus density relationship of nonincubated LDL
components. For example, untreated LDL components larger
(255~-260A) than the minor (245-250A) LDL products appeared
in a more dense fraction (d 1.038-1.040 g/ml versus d
1.033-1.036 g/ml; see Table at the bottom of Fig 15). Also,
other particles similar in size to these minor LDL products
appeared in a considefably more dense (511.043 g/ml) frac-
tion. A similar observation was made when plasma from two
other individuals with large, major LDL components were stu-
died under identical conditions. Thus, thesé minor com-
ponents of plasma incubation unexpectedly appear at a den-
sity (d 1.033-1.036 g/ml) similar to that where the bulk of
‘the major LDL component floats, giving rise to increased

size versus density polydispersity in LDL.
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5. Ultracentrifugal Flotation Properties of LDL Follow-

ing Whole Plasma Incubation

In view of the changes in particle size and density of
LDL following plasma incubation, we checked possible altera-
tions in their flotation rate at d 1.20 g/ml.* Using an
empirically-~derived equationT (unpublished data), peak Sof
rates were calculated. LDL from plasma incubated for 6h

showed a decrease in peak S°_ (RM: 6.81, 6h, 7.40, noninc;

f
EB: 4.76, 6h, 4.90, noninc), confirming our expectations
based on decreased particle size and increased density. At
24h, RM's LDL showed a decrease (6.82) and EB's LDL showed

an increase (5.58) in peak S°f value compared to the

corresponding nonincubated LDL (RM, 7.40; EB, 4.90). These

observations were consistent with the decrease (RM) and
increase (EB) inAparticle sizes of the major LDL components
that were related to plasma TG level and associated with TG

transfer.

6. Molecular Weight Distribution of Apoprotein B Fol-

lowing Whole Plasma Incubation

The susceptibility of LDL protein to proteolysis or
lipid and protein oxidation (24) has been frequently
reported. ,Proteolysis or oxidation might occur during incu-

bation of plasma. The consequent degradative changes in apo

*Since plasma samples were routinely fractionated at 4
1.20 g/ml to analyse both LDL and HDL , analytical ul-
tracentrifugation was performed at 4 1.20 instead of

the usugl d 1.063 gsed for studying LDL.
tpeak S¢ = (peak F~; ,,)(0.4815) - (7.2386)
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B might result in alterations in LDL particle size. To
check the integrity of LDL apoprotein (apo B) following
plasma incubation, SDS—~-PAGE was performed on
ultracentrifugally-isolated (from 2-grad) fraction contain-
ing GK's LDL. A representative SDS-PAGE pattern is shown in
Fig 16 for the 4 1.033 g/ml fraction. Similar patterns were
obtained for nonincubated and incubated samples. A major
high molecular weight species (peak MW value, 422 Kd) and
some minor bands (GK, 169, 98, 74 RKd) could be seen in the
pattern of fractions from both nonincubated (Fig 16, lane 1)
and incubated (Fig 16, lane 2) plasma. The smaller faint
bands may have resulted from proteolysis of LDL in the ori-
ginal plasma but this would have been of very low order. 1In
addition, when plasma was incubated in the presence either
of a protease inhibitor (phenylmethysulfonyl fluoride) or a
disulfide reducing agent* (reduced glutathione), identical
GGE patterns were obtained (data not shown) as those in the
absence of these agents. This would indicate that changes in
LDL particle size distribution during plasma incubation are
not due to alterations in its apdprotein moiety ihduced by

proteolysis or oxidative degradation of protein.

*The sulfhydryl groups of apo B are highly implicated
in the process of oxidative degradation of LDL (30).
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Fig 16. ELectrophoretic analysis of apo B within the ultra-

centrifugal fraction (d 1.033) containing LDL from nonincu-

bated (lane 1) and incubated (lane 2) plésma (sdbject GK) ..

For details of ultracentrifugal fractionation see legend to
Fig 15. SDS-polyécrylamide gel elé@tgophorgsisf@was per-
fofmed' on:approximateiy>30 ng prote£§ isee Mégﬁéég, section
G3 for delipidétion and7 preparation,vcéhditiéﬁgf“fusing 4%
polyacrylamide tube gels. Lane B'ESqtains ﬁidﬂnmolecular

weight standard protein mixture.
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7. Summary of Whole Plasma Incubation Studies

Plasma incubation studieé elucidated the complex nature
of the effect of surface and/or core modifications on LDL
particle size and density distribution. At 6h, the extent
of change 1in particle size (0-8A) of the large, major LDL
components towards smaller species depended on plasma VLDL
levels. The formation of the small, minor components (251~
255A) occurred only in plasma with an iﬁitially large, major
LDL component. These effects were associated with LCAT-
felated reduction in both surface components (PL, UC) at 6h.
Coré enrichment due to the activities of both LCAT and LTPs
at longer incubation time (24h) resulted in an increase
(about 9A) in LDL particle size, a process also dependent on
plasma VLDL levels. Changes in LDL particle size were
accompanied by <changes, 1in the expected directions, in
hydrated density and peak Sof rate. However, the small,
minor components formed at 6h unexpectedly had a density

similar to the large, major component.

In summary, the changes in LDL properties during plasma
incubation depended on incubation time, plasma TG level, and

the activity of LCAT and LTPs. On the basis of the informa-

tion obtained from these control studies we proceeded to

examine the effect on LDL properties of PL addition to

plasma.
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C. Incubations of LDL with PC Vesjcles with or without

Plasma Components

1. Changes in Apparent Particle Size Distribution of
LDL Following Incubation of Whole Plasma with PCV: Effects

I, II, IITI, and Aggregate Formation

The effect of incubation of whole plasma with PCV on
LDL properties was evaluated in plasma obtained from four
subjects, two of whom hadvhigh plasma TG levels (JG, 550;
RM, 198 mg/dl) andvtwo with low plasma TG levels (RM, 109;
~BG, 120 mg/dl). 1Incubations were carried out for 6h to
minimize LDL size increase via TG enrichment of LDL by LTPs.
Some decrease, however, in particle size of the LDL from
subjects with low TG level (as described for whole plasma in
the previous section) was expected. The two plasmas with
high TG 1levels each had a small, major LDL component (EB,
248A, Fig 17A; JG, 243A, Fig 17B) and the two with 1low

plasma TG levels each had a large, major LDL component (RM,

268A, Fig 17C; BG, 262A, Fig 17D).

Incubation (37°C, 6h) of plasma containing sméll, major
LDL components (subjects EB and JG with high TG levels)
'alone produced little change in the size of the majof
species (EB, see Fig 11, bottom, section Bl; JG, not shown).
Incubation of these plasmas in the presence of increasing PL
concentrations (in the form of PC vesicles) resulted in a
characteristic sequence of changes in LDL properties (Fig
18). The first effect was that of no change in LDL apparent

particle diameter (APD) up to a threshold PC level (0.2
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Fig 17. Particle size distribution (2-16% gel) of LDL iso-
lated from nonincubated plasma. (A) subject EB; (B) subject

JG; (C) subject RM; (D) subject BG.
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Fig 18A. Change in apparent particie diameter (APD) of LDL
(subject EB) as a function of added PC concentration.
Plasma ;as incubated (6h) with PC and gradient gel elec-
trphoresis (GGE; 2-16% gel) was performed on the d4<1.20 g/ml
fraction. Lower inset: GGE pattern (2-16% gel) of LDL from
nonincubated plasma; upper inseﬁ: GGE pattern of LDL frdm
plasma incubated with 2.13 mg/ml PC. An additional minor

peak (3297, class II product) is observed at this PC level.

Fig 18B. Change in APD of LDL (subject JG) as a function of
added PC concentration. Plasma (circles) and the d<1l.20
g/ml fraction (triangles) were separately incubated (6h)
with PC vesicles. Lower inset: GGE pattern of LDL from
nonincubated LDL; upper inset: GGE pattern of LDL from
plasma incubated with 2.0~g/ml PC. The compohent with APD
282A (probably Lp(a), lower inset) also increaséd in size
with increasing PC level (see example in upper inset). Thin
arrows in both (A) and (B) indicate threshold PC concentra-

tions for Effect I.
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mg/ml, EB; 0.17 mg/ml, JG). This effect was designated
Effect I. In the PC range of 0.2-1.2 mg/ml (EB) and 0.17-1.5
mg/ml (JG), a progressive increase 1in LDL APD occurred,
which we designated Effect II. A bimodal LDL pattern was
observed at higher PC concentrations in both EB (2.2 mg/ml
PC; Fig 18A) and JG (2.0 mg/ml PC, Fig 18B). Whereas the
component . of smaller APD was the major contributor to the
bimodal distribution of EB's LDL, the component with larger
APD was the major contributor to the bimodal pattern of JG's

LDL. At still higher PC levels (2.4 mg/ml) the bimodal pat-

‘tern of EB's LDL became a pattern with a single peak (272a).

The formation of a bimodal LDL pattern upon incubation of

plasma plus PCV, and the transformation of this bimodal pat-

vtern to a single-peak pattern at higher PCV levels, was

designated as Effect III. At E III additional minor com-
ponents, larger in APD than LDL (329A, EB; 306A, JG) were
observed. The LDL products remaining within the LDL sizg
range were termed class I components and the additional
minor components appearing beyond the LDL size range (290-

330A) were designated class II products.

We next studied plasmas from subjects RM and BG 1in
order to investigate whether the PCV-induced effects on the
initially small, major LDL species would be observed for
large, major LDL species as well. The GGE pattern of the
d<1.20 g/ml fraction from subject RM's plasma (incubated
(37°c, 6h) without PCV) showed an increase in area (protein

stain) under the small minor components (see Fig 11, top;
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section Bl), and a shift of both LDL subpopulations to
smaller size (major component: 2684, ‘nonincubated, 261a,
PCV-exposed; ‘minor components: 251A, nonincubated, 243A,
PCV-exposed) . The shift to smaller size was expected
because .of (1) the low VLDL level, and (2) the large, major
LDL in RM's plasma. The decrease in size became progres-
sively 1less with addition of PC to the éxtent that it was
completely prevented at a threshold PC 1level of approxi-
mately‘ 1.5 mg/ml (Fig 194, arrbw). In addition to attenua-
‘tion of the particle size decrease, the area under the
small, minor component decreased with increasing PCV levels.
This component could no longer be observed above 1.5 mg/ml
PC. The effects which comprised of either no change in LDL
APD (e.g., such as those.in plasma of EB and JG) or a
decrease in LDL APD (e.g.; such as that in plasma of RM),
were both designated Effect 1I. Above the threshold PCV
level for Effect I (RM, 1.5 mg/mi PC), a characteristic
transformation of the GGE pattern was observed similar to
that noted in EB and JG. Thus, in the range between 1.5
mg/ml and 2.0 mg/ml PC, LDL APD value of both the ﬁajor and
minor components of RM's LDL increased. This effect was
similar to Effect II observed for EB and JG's LDL. With
increasing PC 1levels (>2.0 mg/ml), a bimodal pattern was
generated, apparently as part of a conversion sequence (RM,
Fig 19B; BG, Fig 20). First, a shoulder developed on the
major LDL peak (RM, Fig 19B, top); this was followed by

build-up of the shoulder, leading to a clearly bimodal
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Fig 19A. Change in apparent particle diameter (APD) of LDL
(subject RM) as a function of added PC concentration.

Plasma was incubated with PC vesicles and LDL (within the

d<1.20 g/ml fraction) was analysed by gradient gel electro-

phoresis (GGE; 2-16% gel). The thin arrow points to the
threshold PC concentration. Inset: GGE pattern of LDL from

nonincubated plasma.

Fig 19B. GGE pattern of LDL from plasma' incubated with
increasing amounts of PC. Upper: 2.0 mg/ml PC; middle: 2.4
mg/mi PC; 1lower: 3.2 mg/ml PC. Gel top and peak of thyroé
globulin standard (added ﬁo all samples just prior to GGE)

are indicated. Additional components larger in APD value

than LDL (class II products) are observed at all of these PC

concentrations.
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Fig 20 A~D. Changes in particle size diétribution of LDL
(within plasma d<1.20 g/ml fraction; subject BG) following
incubation (6h) of whole plasma with PC vesicles. (a)
nonincubated plasma; plasma incubated with (B) 2.5 mg/ml PC;
(C) 3.5 mg/ml PC; (D) 4.5 mg/ml PC. The apparent diameters

of components within each pattern are shown.

Fig 20E. Change in area under LDL peaks 1in above patterns

(A-D‘) .
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profile (RM, Fig 19B, middle; BG, Fig 20B); then, the area
under the . component with smaller APD value decreased such
that it appeared as a shoulder on the peak with larger APD
value (BG, Fig 20C), and lastly, the profile was converted
into a single peak pattern (RM, Fig 19B, bottom; BG, Fig
20D). The development of the bimodal pattern and the subse-
quent transformation was termed Effect III and was observed

for EB's and JG's LDL as well.

At PCV levels high enough to induce Effect III, addi-
tional peaks (class II products) with larger APD values than
LDL were observed. The APD range of class II products (306A
to 329A) using plasma of subjects EB and JG, with initially
small, major LDL components was shifted towards smaller
species compared to the range of values (325-410A) in sub-
jects (RM and BG) with 1initially 1large, major LDL com-

ponents.

In summary, addition of low amounts of PCV to plasma,

followed by incubation, produced effects similar to those

seen during incubation of plasma alone (i.e., decrease or no

change in particle size). As PC concentrations increased
LDL APD value decreaed progressively. (Effect II) but the
overall pattern did not change significantly. The formation
of the bimodal LDL pattern (Effect III) ét even higher PCV
levels and the appearahce of class II products appeared in
both plasma with 1initially 1large, as well as initially
small, major LDL subpopulations (i.e., independent of plasma

TG levels). Nevertheless, the extent of increase in LDL APD
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(e.g. at 2.0 mg/ml PC) was greater (about 12-20A per 6h) in
plasma with initially small, thén with initially 1large,
major LDL component (about 7A per 6h). This reflected a
difference in either levels of other plasma lipoproteins
(e.g., VLDL, HDL) or reactivities of the large versus the

smali LDL subpopulations towards PL.

We next investigated the influence of plasma LDL and
HDL 1levels on the specific PCV concentrations that defined
the th;eshold for Effect I and Effect III (Table 6).
Although Effect I "occurred within a narrow range (0-0.3
mg/ml PC), the threshold value was related to plasma HDL
levels. Hence, 1in subject RM with about a 1l.8-fold higher
HDL concentration (351 mg/dl) than subject EB (196 mg/dl), a
six-fold higher PCV threshold cnncentration for Effect I
(1.8 versus 0.3 mg/ml PC) was observed. However, incubation
(37°C, 6h) of plasma from a subject (RN: major LDL com-
" ponent, 255A; minor LDL component, - 249A) with only 10%
greater HDL concentration (220 mg/dl) compared to EB and JG
resulted in an eight-fold higher Effect I threshold PCV
level (2.3 mg/ml'PC). This discrepancy could be resolved by
considering the higher (about two to three-fold) LDL level
in RN's plasma (449 mg/dl versus 270 and 155 mg/dl in JG and
EB's plasma, respectively). These differences suggest that

the PCV level at which Effect I occurs is a function of both

HDL and LDL concentrations present in the incubation mix-

tures. Several previous studies have demonstrated PL uptake

by HDL, and our present data suggest PL uptake by LDL.
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* *%
Table 6 -Lipoprotein levels (mg/d1) and threshold PC  concentra-

tions (mg/m1) for Effects I and III.

subjects
EB JG RM RN

*

LDL (ANUC) 155 270 253 449

HDL (ANUC)T 196 200 351 220

Effect 1 PCT° 0.3 0.3 1.8 2.3
threshold
LDL+HDL ™ 351 470 604 669

Effect III 2.0 2.0 2.5 3.0
PC threshold

*

Lipoprotein levels were measured
from areas within schlieren patterns
of LDL (d 1.063) and HDL (d 1.20)
using analytical ultracentrifuga-
tion (ANUC).

% '
PC, phosphatidylcholine.
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The PCV level at which Effect III occurred could only
be approximated, due to the small number of data points
taken. It was apparent, however, that higher PCV ievels
were required for the occurrence of Effect III in individu-

als who had high LDL and/or HDL levels (Table 6).

In addition to Effects I, II, and III, we noted major
changes 1in overall pattern areas. Thus, incubation (37°C,
6h) of plasma (subject BG), with PCV (2.5 to 4.5 mg/ml
PC), at high enough concentrations to induce Effect III (Fig
20B-ﬁ), resulted in a considerable reduction in area under
the LDL peaks (Fig 20E). This deéreaée occurred in conjunc-
tion with the appearance of protein staining material on top
of the gel (APD value > 400A), and was presumably due to
formation of aggregéted Qomplexes'of LDL and PCV as dis-

cussed in the next section.

The above studies indicated that relative 1levels of
LDL, HDL, and PCV were important in determining the observed
effects designated as Effects I, II, III, and aggregate for-
mation. Although the influence of plasma VLDL levels on
these effects was not assessed directly, it did not seem to
be significant (except at Effect I). 1In orde¥ to delineate
more clearly the role of the various plasma components in
the above changes, reconstitution experiments were carried
out at concentrations (Co) corresponding to plasma levels
(designated as 1 Co). Reconstitution studies were done

-starting from the simplest system of LDL and PCV.
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2. Apparent Particle Size Distribution of LDL Following

Incubation of LDL with PC Vesicles: Aggregate Formation

The occurrence of each of the effects (Effects I, I1,
III, or aggregate formation) was checked in the simple incu-
bation system of LDL plus PCV. To evaluate possible differ-
ences 1in reactivity towards PL of the large, versus the
small, major LDL components, incubations were carried out
using "LDL preparations (the plasma 4 1.019—1.063 g/ml frac-
tion) from two subjects (JG and DR) with a small, major LDL
componenﬁ (JG, 243A, see Fig 17B; DR, 240A and 229A, Fig
21A), and two subjects (BG and.bJ) with a large, major LDL
components (BG, 262A, see Fig 17D; DJ, 268A and 260A; Fig
23A). Incubation (37°C, 6h) of LDL (JG, 0.6 mg/ml protein)
without or with PCV (range, 0.2-1.2 mg/ml PC) did not result
in any change in LDL particle size (Fig 23A, empty circles).
Instead, as PCV levels increased, the area under LDL peak
decreased progressively (Fig 23B, empty circles). This
occurred together with the appearance of protein staining
material at the top of the gel and was consistent with our
previous observation (87) of aggregation of LDL and PCV

under conditions similar to present studies.

Similar to the observations on JG's LDL following
interaction with PCV, we found no change in APD values of
the large, major LDL components of BG (0.6 mg/ml protein) or
DJ (0.3 mg/ml protein) upon incubation (37°C, 6h) without or
with PCV (BG, 1.5 mg/ml PC, not shown; DJ, 0.8 mg/ml PC, Fig

22B). A decrease 1in area under LDL peaks associated with
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Fig 21. Effect of incubation (6h) of LDL (subject DR) with
or without PC vesicles on the particle size distribution
(2-16% gel) of LDL. LDL was isolated by gel filtration
(using 6% agarose beads; see Methods, section G2 for
details) of the plasma d<1.20 g/ml fraction. (A) nonincu-
bated LDL; (B) LDL incubated with PC vesicles (0.8 mg/ml
PC); protein staining material (aggregates of LDL and PC
vesicles) appeared at the top of ‘the gel; (C) LDL incubated

alone.
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Fig 22. Particle size distribution (2-16% gel) of LDL (sub-
ject DJ; 0.3 mg/ml protein). (A) nonincubated LDL, or (B)

incubated LDL (6h) with PC vesicles (0.8 mg/ml PC).
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ﬁig 23. PC vesicle-induced changes in: (A) LDL apparent par-
ticle diameter, and (B) area under LDﬁ peaks. Each incuba-
tion (6h) mixture contained LDL (subject JG; approximately
0.6 mg/ml protein), PC vesicles (O.l to 1.2 mg/ml PC),
either alone'(empty circles), or in the presence of plasma
d>1.20 g/ml fraction (BF, 1 Co; solid circles), BF and HDL
(0.5 mg/ml protein, empty diamonds), BF (1 Co) and HDL (1.0

mg/ml protein, solid diamonds).
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protein staining material at the top of the gel was again

observed.

In contrast to the findings on the LDL of these sub-
jects 1incubation’ with PCV of LDL from the fourth subject
(subject DR) resulted in a small increase in LDL APD values
(nonincubated,  240A, 229A; plus PCV, 245A, 233A, Fig 22C).
Since such changes Qere not noticed upon incubation of LDL
alone (238A, 230A; Fig 22B), the changes in LDL APD values
were app;rently due to interactioh with PCV. It should be

pointed out that these changes were markedly less than those

later noticed for Effect II for DR (see Table 7, section’

c3).

Thus, only in one (DR) out of four | subjects was any
PCV-induced increase in LDL APD value observed. Subject DR
was severely hypertriglyceridemic (plasma TG>1000 mg/dl) and
had the smallest initial LDL components (229A, 240A). The
reactivity of such small LDL species towards PCV may arise

from their altered composition.

3. Increase in LDL Apparent Particle Diameter Following
Incubation with PC Vesicles in the Presence of Plasma 4>1.20

g/ml Fraction: Effect II

Since PCV-induced Changes in LDL pattern characteristic
of Effect II and Effect III in plasma were not observed dur-
ing interaction of PCV with LDL alone, the effect of other
plasma components on the LDL pattern was evaluated. Previ-

ous studies (67) on the incubation of HDL with PCV under
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similar conditions showed conversion of HDL to larger, less
dense species. This conversion was increased in the pres-
ence of the d>1.20 g/ml plasma fraction (bottom fraction,
BF). In the present study, we examined whether BF might
also 1induce changes in LDL pattern upon incubation of LDL
with PCV and BF. We used LDL from the same subjects (BG,
DJ, JG, and DR) who provided LDL for incubation studies with

PCV alone.

Addition of BF to incubation (37°C, 6h) mixtures con-
taining LDL (JG) and PCV (0.l1-1.2 mg/ml PC) produced changes
we have designated Effect II (Fig 23A, solid circles, and
Fig 24). The increase in LDL APD as a function of PCV level
(0.1-1.2 mg/ml PC) occurred in an apparent two-step manner:
first, an increase in APD occurred which reached a plateau
at 0.5-0.6 mg/ml PC. Further increase in PC (up to 1.2
mg/ml PC) resulted in 'additional increase in APD (up to
284A); this increase appeared to level off but did not reach

an actual plateau. Such two-step APD increase was not seen

during Effect II of whole plasma incubated with PCC. It is

possible that the number of added PCV levels investigated in
this incubation experiment was insufficient to resolve the
steps. . The mechanisms responsible for the two-step change
in LDL APD was not investigated further but might involve
reorganization of LDL structure at the plateau of the first
step. Since the major LDL components at all added PCV lev-
els were still within the usual LDL size range, these com-

ponents were designated class I products.
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At PC levels above 0.5 mg/ml, an additional minor com-
poneht (308A, presumably a class II product) beyond LDL size
range appeared, and a progressive increase in APD value of
this product occurred with increasing PCV levels. At no PCV
level was a bimodal pattern transformation characteristic of

Effect III observed.

With increasing PCV levels (0.1-1.2 mg/ml PC) in the
presence of BF a progressive decrease in area under LDL peak
occurred'(Fig 23B, solid circles), associated with increased
protein staining at the top of the gel (Fig 24). However,
the decrease.at each PCV level was much less than that in

the absence of BF (Fig 23B, empty circles).

Simiiar studies utilizing LDL from the other three. sub-
.jects_(DJ, BG, DR) clearly showed that BF is either required
(BG and DJ), or considerably enhances (DR) the increase 1in
APD value upon interaction 6f the LDL with PCV (Table 7).
For the same LDL-PL/PCV-PL weight ratio, the extent of APD
increase of a small, major LDL component (e.g., DR, 25A) wés
more than that (e.g., BG, 6A; DJ, 8A) of.a large, major LDL

component.

Thus, our data on LDL incubation with PCV and BF indi-
cate that BF facilitates APD increase resulting in Effect II
and decreases LDL aggregation with PCV. However, no
transformation to a bimodal pattern (Effect IiI) occurs 1in

the presence of BF and relatively high PCV levels.
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Fig 24. Gradient gel electrophoresis (2-16% gel; protein
stain) of incubation mixtures containing LDL (subject JG),
PC vesicles (0.1-1.2 mg/ml PC), and plasma d4>1.20 g/ml frac-
tion (1 Co). The increase in APD, the decrease in staining
of LDL bands, and the appearance of protein staining
material at the top of the gel can be seen in this figure.
Lane 1, nonincubated LDL. LDL incubated with the following
amounts of PC: lane 2, 0 mg/ml; 1lane 3, 0.1 mg/ml; lane 4,
0.2 mg/ml; lane 5, 0.3 mg/ml; lane 6, 0.4 mg/ml; lane 7, 0.5
mg/ml; lane 8, 0.6 mg/ml; lane 9, 0.9 mg/ml; lane 10, 1.0
mg/ml; lane 11, 1.2 mg/ml PC. Lane 12, particle size cali-
bration protein mixture: latex beads (L), thyroglobulin (T),

and apoferritin (A).
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Table 7 -Effect of incubation (37°C, 6h) of LDL, PC vesicles (PCV) ™
with or without plasma d>1.20 g/ml fraction (BF, 1 Co), on

0
the apparent particle diameter (A) of the major LDL components.

subjects
DJ BG DR
noninc 268,262 262 240,229
inc (+PCV) - 268 262 245,233
inc (+PCV+BF) 273 268 260

*The LDL concentrations were 0.3 mg/ml
protein (subjects DJ and DR), 0.6 mg/ml
protein (subject BG).

* %

The PC concentrations were 0.8 mg/ml
(subjects DJ and DR); 1.5 mg/ml (subject
BG).



4. Transformation of the Electrophoretic Pattern of LDL
Following Incubation with PCV in the Presence of the Plasma

d>1.20 g/ml Fraction and HDL: Effect III

To examine whether the absence of Effect III was due to
lack of other plasma components such as HDL in the incuba-
tion mixtures, incubations (37°C, 6h) were carried out on
mixtures of LDL (0.6 mg/ml protein), BF (1 Co), HDL (approx-

imately 1.0 mg/ml protein), and increasing PCV levels (0.2~
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1.2 mg/ml PCV). 1In the presence of HDL (Fig 23A, solid dia-

monds) , the increase in LDL APD was much attenuated compared
to that in the absence of HDL (Fig 23A, circles). Above a
threshold value of 0.8 mg/ml PC, a bimodal pattern transfor-
mation characteristic of Effect III occurred and class II
products were observed. At a two-fold lower HDL concentra-
tion (0.5 mg/ml protein), there was about a 3-fold greater
increase in APD value at Effect II and a decrease in thres-
hold PC 1level (from approximately 0.8 to 0.6 mg/ml PC) for
Effect III (Fig 23A, empty diamonds). Also, further progres-
sion of bimodal pattern transformation (Effect III) into a
single peak pattern (at 1.2 mg/ml PC) occurred at a 1lower
(0.5 mg/ml protein) HDL concentration. Thus, in the pres-

ence of HDL both Effects II and III occur.

At both HDL levels used in the above-mentioned experi-
ment, the area under the LDL peak did not change signifi-
cantly (Fig 23B, diamonds), indicating that the presence of
HDL markedly attenuated both the changes in LDL distribution

and aggregate formation. This was in accord with our



expectation that, as an acceptor for PL, HDL would decrease
the available vesicle concentration in the incubation mix-

ture.

We thus established that the presence of HDL in the
incubation mixture containing LDL, PCV, and BF was necessary
to induce the Effect III transformation. The specific
mechanism for this effect was not clear, but might have been
related to the production, and interaction with LDL, of new
structures containing PC (e.g., discoidal complexes of apo
AI and PC formed during interaction of HDL witﬁ PCV). Since
new PC-containing structures derived from HDL can appear
during interaction of HDL and PCV alone, we assessed the
possible occurrence of Effect III when LDL (JG), PCV (0.2 to
1.2 mg/ml PC), '‘and HDL (0.5 and 1.0 mg/ml protein) were
incubated (37°C, 6h) alone, in the absence of BF. LDL APD
values did not change at PCV levels less than 1.2 mg/ml PC.
At the highest PCV (1.2 mg/ml PC) and HDL (1.0 mg/ml pro-
tein) levels , a bimodal LDL pattern was seen but the APD
values of the two components (246A and 256A) within the
bimodal paﬁtern were much less than the corresponding ones
which appeared in the presence of BF (254A and 261A). Thus,
HDL presence produced a bimodal LDL pattern during interac-
tion of LDL with PCV; but this was not the complete Effect
III since addition of BF was necessary to induce (1) a
larger 1increase in APD values of the components within the
bimodal pattern and (2) a the transformation from bimodal to

single mode pattern.
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5. Electron Microscopy of LDL Undergoing Effect II and

Effect III

The above studies established that consistent changes
occur in LDL apparent particle diameter when LDL were
interacted with PCV in the presence of other plasma factors
such as BF and HDL. For nonincubated LDL, particle sizes
were determined at their exclusion 1limit in the gradient
gels and were based on the assumption that LDL are quite
rigid spheres. The relatively good correspondence reported
(88) between size measurements by GGE and by EM for native
LDL suggests that this assumption is reasonable. However,
application of this assumption to LDL modified by agents
such as PL may not be valid. Thus, negative stain electron
microscopy was performed on LDL undergoing Effect II (sub-

ject JG) or Effect III (subject EB).

Nonincubated LDL appeared either as round, free-
standing (EB, Fig 25A) or within patches of hexagonally-
packed homogeneous particles (JG, Fig 25B). Often, chains
of 4-6 deformed, rectangularly-shaped species were seen in
nonincubated LDL from both subjects. PCV-exposed (EB, Fig
25C; JG, Fig 25D) LDL consisted of free-standing, round
species as well as rectangularly-shaped (156A x 265A) parti-
cles. Occasionally observed discoidal species (72+20A x
5+20A) trapped within chains of LDL or alternating with
LDL-sized particles could be seen (Fig 25C and D, arrow
heads). Hollow vesicular (Fig 9C, arrow) structures with

deposits of negative stain on one corner were often noted as
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Fig 25. Electron micrographs of nonincubated LDL ((A) sub-
ject EB; (B) subject JG) and PC vesicle-exposed LDL ((C)
subject EB; (D) subject JG). In (C), the vesicle-exposed LDL
(within the d<1.20 g/ml fraction) were obtained from an
incubation mixture containing plasma (subject EB) and PC
vesicles (3.5 mg/ml PC). In (D), the vesicle-exposed LDL
.(within the d<1.063 g/ml fraction) were obtained from an
incubation mixture containing subject JG's LDL (approxi-
mately 0.6 mg/ml protein), PC vesicles (0.4 mg/ml PC), and
plasma d>1.20 g/ml fraction (1 Co). The arrowhead in Fig
25C indicates a hollow vesicular structure and the arrow 1in

Fig 25D points to a disc-shaped (72A x 56 A) particle.
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well. Thus, no major changes in the overall shape of the

PCV-exposed LDL has occurred during Effects II and III.

We also measured the apparent diameter of round, free-
standing species. An increase in mean pérticle size of the

LDL undergoing Effect II (JG, 236+25A, Fig 25D, versus

224+21A, nonincubated LDL, Fig 25C) and Effect III (EB,

251+27a, Fig'ZSB; 223+32A at 3.5 mg/ml PC (not shown),
versus 226+33A nonincubated, Fig 25A) was observed. Hence,
at least at PCV concentrations high enough to produce major
changes in LDL size (i.e., greater than about l3A)* EM
observations weré consistent with an increasé in_the parti-
cle size of PCV-exposed LDL (class I). The increase in mean
~ particle diameter observed by EM was about 7-16A less than
the increase in APD found by GGE. This difference is at the

limit of EM resolution.

6. Ultracentrifugal Properties of LDL Undergoing Effect

IT and Effect III

Based on the above observations, we considered the
hypothesis that the PCV-induced changes in the LDL particle
size distribution are most likely dué.to PL uptake by LDL.
To test this hypothesis, attempts were made to isolate and
directly determine possible compositional changes in the

modified LDL. Also, ultracentrifugal properties of PCV-

*It should be pointed out that 13A is the standard er-
ror of particle ' size measurements by EM and we could
not evaluate with certainty smaller changes in size by
EM. -
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exposed LDL, such as flotation rate and hydrated’ density

were assessed.

a. Peak SOf Rates of LDL Undergoing Effect II and

Effect III

A positive correlation has been found between LDL size
and flota;ion rate (42). Recently an empirical relationship
between particle diameter (D) and peak Sof rate has been
obtainedT for purified native LDL with a single peak GGE

pattern:

D (in Angstrom units) = (5.13) S°f + 218

To assess any changes in LDL ultracentrifugal flotation
properties undergoing Effects II and TIII, analytical ultra-
centrifugation was performed at (d 1.20 g/ml)* on the total
lipoprotein fraction obtained from either whole plasma (sub-
ject BG) incubated with PCV (see Fig 20 for experimental
conditions and GGE patterns) or the plasma d4>1.019 g/ml
fraction (subject EB) incubated with PCV (see Fig 27 in the
following section for experimental conditions and GGE pat-
terns). Analysis of the schlieren patterns of LDL yielded
peak flotation rates at 4 1.20 g/ml (peak Fol.zo rate),

which were converted to flotation rates at 4 1.063 g/ml

*
(peak s® rate) using a relationship also obtained

£

TBurke, D.J., Krauss, R.M., and Forte, T.M., manuscript
in preparation.

*Ultracentrifugation at 4 1.20 g/ml (instead of 4 1.063
g/ml) was routinely performed to isolate total lipopro-
tein fraction from incubation mixtures for physical-
chemical _analysis of both the L8L and HDL.

S

O - -—
**peak F 1.20 = (0.4815) (peak £ (7.2386)
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empirically (unpublished data). The observations can be

summarized (Table 8) as follows:

1) The calculated peak SOf rate of EB's LDL from nonin-
cubated plasma (S°f 5.51) was less than BG's LDL from nonin-
cubated plasma (S°f 6.68)' Based on the particle size of
the major components (EB, 248A; BG, 253A) these Sof rates

fitted well the empirical equation obtained for native LDL.

2) The S°f rate of the LDL undergoing Effect II (EB)
and Effect III (BG, only at 4.5 mg/ml PC) were faster than
LDL from nonincubated plésma. Although we expected. the peak
Sof rates of LDL undergoing Effect 1II to increase with

increasing APD values, this was not the case (Table 8).

3) With increasing PCV levels, the schlieren peak area
contained within Sf range of LDL (S°f 0-12, corresponding to
FOl.ZO 15-40) decreased considerably (BG, Table 8). Concom-
itant with thié decrease, faster floating material (up to
S°f 400) appeared. We did not explore further the identity
of the faster floating material, but speculate that it was

either PCV and/or aggregates of LDL and PCV.

Thus, while small changes in peak Sof rate of PCV-
exposed LDL undergoing Effects II and 1III were noted, these
changes did not follow the size 'versus S°f relationship

observed for native LDL subpopulations.

b. Ultracentrifugal Distribution of LDL Undergoing

Effect II and Effect III
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* T ax *%x ¥
Table 8 -Peak S2 rates of LDL undergoing Effects II  and III °

2
LOL (subject EB)*|peak 52 ©LDL (subject BG§ peak S2 | LOL ares
noninc 5.54 noninc 6.67 264
inc (1.1 mg/ml PC)|6.07 | inc (2.5 mg/ml PC)|6.63 163
inc'(1.3 mg/ml PC)|5.96 : inc (3.5 mg/ml PC)|6.82 148
inc (1.8 mg/ml PC)|5.87 inc (4.5 mg/ml PC)|7.25 110

*calculated from an empirical equation:
peak S; = peak F? 20 % 0.4815 - 7.2386.

*%

'~ Follewing incubation (6h) of the plasma d»1.019 g/ml
fraction (subject EB) with PC vesicles (1.1-1.8 mg/ml PC),
anlytical ultracentrifugation (ANUC) was performed on the
d<1.20 g/ml fraction isolated from the incubation mixture.

*The d<1.20 g/ml fraction from BG's plasma incubated (6h)
with 2.5-4.5 mg/ml PC was analysed by ANUC. Areas within
the schlieren patterns (F; 2015-40 or S; 0-12) were measured.



In an attempt to detect changes in the hydrated density

of PCV-exposed LDL (during Effects II and 1III), isopycnic
density gradient ultracentrifugation was performed on incu-
bation mixtures wusing JG's LDL with small, major LDL com-
ponent. A densitometric scan (455 nm) of the ultracentrifu-
gal tube containing nonincubated LDL (Fig 26) showed that
the major part of the LDL was contained within 4 1.042 g/ml

fraction, as expected in hypertriglyceridemic individuals.

Densitometric scans of the ultracentrifugal tube con-
taining incubation (37°c, 6h) mixtures of LDL, BF, and PCV
(0.2, 0.3, 0;4 mg/ml PC) showed a major component between d
1.038-1.048 g/ml and a minor one at about 4 1-.035 g/ml. The
peak of this component was shifted to lower densities (d
1.043 g/ml, at 0.2 mg/ml PC; d.1.04l g/ml at 0.3 or 0.4
mg/mi PC) compared to that (d 1.045 g/ml) of the nonincu-
bated LDL. GGE was not performed on the ultracentrifugal
fractions, but from the GGE pattern of the unfractionated
samples (APD values: nonincubated, 248A: plus 0.2 PC, 253A;
plus 0.3 PC, 260A plus 0.4 PC, 263A), we established an
approximate particle size versus hydrated density relation-
ship for LDL at each PCV level. We found a decrease in den-
sity (0.002-0.004 mg/ml) of the peak of the LDL mass distri-
bution in the ultracentrifugal tube. This decrease was much
less than expected for the APD change (5-15A at various
added PC concentrations) when the normal LDL size versus

density relationship reported for native LDL was used (38).
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Fig 26. Densitometric scans (455 nm) of tubes following

ultracentrifugation of incubation mixtures containing LDL’

(sﬁbject JG), plasma d4>1.20 g/ml fraction, and  PC vesicles
(0.2-0.4 mg/ml PC). Isopycnic density gradient ultracentri-
fugation was performed as described in Methods, section ELl.
Thé top of the tube and densities from a separate salt back-

ground sample are indicated.
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The component at d 1.035 g/ml, which developed as a
shoulder in the less dense side of the major ultracentrifu-
gal LDL peak at 0.4 mg/ml PC appeared turbid. Our data sug-
gest that this component may have been aggregated complexes
of LDL and PCV. For example, at 0.8 mg/ml PC, a 66%
decrease in the area under the GGE peak of unfractionated
LDL occurred and was associated with the appearance in the
ultracentrifugal tube of an additional component at a lower
density (d 1.035 g/ml than the main LDL component. The GGE
pattern at 0.8 mg/ml PC showed protein staining material.at
the top of the gel, which we have considered to be aggre-
gates of LDL and PCV. In addition, when LDL (JG) were incu-
bated (37°C, 6h) with even higher PCV concentrations (1.8
mg/ml PC), GGE patterns showed maximal aggregate formation,
and isopycnic density gradient ultracentrifugation showed a
shift of the entire LDL density distribution to fractions of

markedly lower density (4 1.029 g/ml).

To study changes in LDL hydraﬁed density during Effect
III, IDGUC was next performed on incubation mixtures which
contained HDL as well as(LDL, éF; and PCV. The GGE patterns
of unfractionated mixtures indicated an APD increase (Effect
IT) that occurred between 0.4-0.6 mg/ml PC and the appear-
ance of bimodal LDL patterns (Effect III) between 0.8-1.2
mg/ml PCV ‘see Fig 23, section C3). Densitometric scans of
the ultracentrifugal tubes (not shown) containing incubation
mixtures showing the bimodal pattern indicated only a minor

decrease in mean density of the peak of the PCV-exposed LDL
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which was comparable to those observed Effect II. It should
be pointed out that the shifts in LDL denéity during Effects
IT and 1III were in a direction towards lower values, i.e.,
opposite in direction to that. observed duting'incubation of

Plasma in the absence of PCV.

c. Chemical Characterization of LDL Undergoing Effect

ITI and Effect III

In view of the density differential . between BPCV
(d<1.019 g/ml) and LDL (d-l.019-l.063 g/ml), isopycnic den-
sity gradient ultracentrifugation was next used to isolate
and characterize PCV;exposed LDL produced during Effect II
. and Effect III. Plasma (subject EB with small major LDL
component) ultracentrifugally depleted of VLDL (plasma
d>i_.019 g/ml fraction) was ‘incubated (37°C, 6h) with
increasing PCV 1levels (0.4-1.8 mg/ml PC). Effect II was
produced in the range of 0.4-0.9 mg/ml PC, and Effect III
was seen in the range of 1.1-1.8 mg/ml PC (forvGGE patterns
see inserts at the right side of Fig 27). Following IDGUC,
densitometric scans of the tubes (Fig 27) showed shifts in
LDL mass towards lower density values, éimilat to those
observedv using JG's LDL (see Fig 26). Thus, an approxi-
mately 5-25 A increase in LDL APD value, using a range of
PCV (0.4-1.8 mg/ml PC), was associated with at most a

0.002-0.004 g/ml density decrease.

Chemical analysis of the LDL within each ultracentrifu-
gal density fraction (at 0.4-1.8 mg/ml PCV) indicated about

20-46% increase in PL/protein weight ratio and about 19%
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Fig 27. Effect of incubation (6h) of the plasma d>1.019 g/ml
fraction (subject EB) with PC vesicles (0.4-1.8 mg/ml PC) on
the ultracentrifugal distribution of LDL. Isopycnic density
gradient ultracentrifugation was performed as described in
Methods, section El. Densitometric scans (455 nm) of tubes
are shown for nonincubated LDL (first row); incubated (0.9
mg/ml PC; second row); incubated (1.1 mg/ml PC; third row);
incubated (1.3 mg/ml PC; fourth row); incubated (1.8 mg/ml
PC; fifth row). The insets to the right of each row show
the gradient gel electrophoretic (2-16% gel) patterns of
unfractionated LDL from the corresponding incubation mix-
ture. The material appearing within 4 1.023-1.031 fractions
(between arrows; second row) appeared turbid and probably
consisted of LDL-vesicle aggregates and/or PC vesicles.
Density distribution of a background sait solution is shown

at the bottom of the figqure.
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decrease in UC/protein weight ratio. Although the densi-
tometric scans of the ultracentrifugal tubes suggested that
the aggregate had separated’ from the bulk of LDL (i.e.,
class I products), GGE patterns of material within the major
ultracentrifugal peak (d 1.04041.045 é/ml) showed the pres-
énce of species larger than LDﬁ (data not shown). Even a
density gradient as_‘shallow as the one used in this study
did not provide adequate separation of class I products from
class II products and the aggregate. Hence, these fractions
were not useful in elucidating the chemical properties of
the various forms of PCV-exposed LDL (i.e. class I, class

II, and aggregate).
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7. Summary of Incubation Studies Using PC Vesicles

Our incubation studies using PCV showed four charac-

teristic PCV'concentration-dependent changes in LDL GGE pat-

terns:

(1]

[2]

(3]

Effect I: Interaction of LDL with PCV in the presence
of all plasma components (VLbL, LDL, HDL, and BF) gave
rise to either a decrease (for large, major components)
or no change (for small, major LDL components) in LDL
APD value, below a threshold PCV concentration. Simi-~
lar changes occurred without addition of PCV to plasma

during incubation in the presence of active LCAT.

Aggregation: In the absence of other plasma components,
interaction of LDL and PCV leads to the formation of
large (>400A) complexes between LDL and PCV. This
occurred without any change in the APD value of unag-
gregated LDL (except for the smallest (229-240A) LDL
components from severely hypertriglyceridemic individu-

als).

Effect II: Above ‘a threshold PCV céncentration an
increase in LDL APD value occurred during plasma incu-
bation with PCV. The addition of BF to an incubation
mixture comprised of LDL and PCV also produced such an
LDL APD increase. The addition of components capable
of PC uptake (e.g., HDL) modulated the extent of LDL
APD increase. Unlike the changes in LDL properties

during incubation of plasma alone (i.e., LCAT-dependent
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and towards formation of smaller, more dense species),
the <changes during Effect 1II did not depend on LCAT
activity (not shown) and were towards formation of

larger and slightly less dense species.

[4] Effect III: With increasing PCV concentrations, bimodél
LDL pattern transformations occurred during incubation
of plasma with PCV. Both HDL and BF (and PCV, of
course) were required for transformation of the pattern
first to a bimodal and subsequently to a single peak
pattern. In the course of this transformation an
increase in APD value of each component within the
bimodal pattern was observed when both HDL and BF were
present. Béth HDL and LDL levels modulated the PCV
concentration at which this effect, ﬁffect III,

occurred.

During Effects II and 1III, in addition to . the com-
ponents within the wusual LDL size rangé, additional com-
ponents (class II) with APD values beyond the usual LDL size
range -(>290A) appeared when LDL, PCV, and BF were incubated,

with or without HDL

Changes in LDL APD during Effects II and 1III were con-
firmed by EM; however, changes in shape could not be con-

sistently demonstrated.

Although compositional changes during Effects II and
ITII were consistent with PL uptake by LDL products, the

extent to which such changes reflected those occurring in

3

6



LDL alone could not be determined since contaminants could
not be adequately removed by the ultracentrifugal procedures
used. Thus, the chemical bases for the PCV-induced changes
ih LDL GGE patterns (i.e., Effect II and Effect 1III) could
not be determined unambiguously by the approaches used and
hence were investigated by utilizing a different source of

PC and by different fractionation procedures.
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D. Incubations of LDL with Discoidal Complexes Comprised of

Apo AI and PC

Post-meal lipolysis of TG-rich lipoproteins results in
the release of excess surface components in forms other than
vesicular structures; A heterogeneous mixture of discoidal
structures containing PC, UC, and apoproteins (A, E, and C)
appears transiently both in pést—heparin plasma (89)* and
during in vitro lipolysis of VLDL (1ll). Our next investiga-
tion of the role of phospholipid~containing structures on
LDL interconversions in plasma was directed to characteriza-
tion of LDL after interaction with model discoidal struc-
tures containing PC and apo AI (DC). Following the approach
" used iﬁ our réconstitution experiments using PCV, we first
studied interaction of LDL with DC, and subsequently tested
the effects of addition of other plasma components to the
incﬁbation mixtures. Based on our obéervations using PCV,
we did not expect changes in LDL APD when LDL and DC were
incubated alone. = To our surprise, an iﬁcrease in LDL APD
occurred, which was characteristic of Effect II. Also,
preliminary studies 1indicated that no Effect III was
observed using DC at PC concentrations which were high
enough to produce Effect III, using PCV. Thus, our initial
studies focused on the properties of LDL undergoing Effect

I during interaction of LDL with DC.

*Heparin releases LPL from capillary walls into plasma
and thereby initiates lipolytic activity in plasma.
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l. Apparent Particle Size Distribution of Major LDL
Components Following Incubation with Discoidal Complexes:

Formation of Class I and Class II Products

Plasma incubation'studies, both with and without PCV,
indicated differences 1in the extent of APD change between
the small versus the large, major LDL components. Although
these differences were in part due to PCV interaction with
other plasma components, such as VLDL and HDL, the nature of
the ©LDL used also contributed to the observed differences.
In our investigation of LDL interaction with discoidal com-
plexes, we used plasma LDL preparations that exhibited major
components of significantly different initial particle size.
The particle size of components in GGE patterns of isolated
nonincubated LDL (Fig 28, left column) obtained from two
normolipidemic human subjects (DJ and AP) and three hype;—
triglyceridemic subjects (TI, LS, DR) used in this study,
are summarized in Table 9. The GGE pattern of subject DJ's
LDL exhibited four components, two large, major (mean diame-
ter, 269A and 262A) and two small, minor (255A and 245A).
The pattern of LDL obtained from subject AP's plasma showed
two large,major components (260A and 253A). LDL from the
three hypertriglyceridemic subjects (TI, LS, DR), each con-
sisted of two sﬁall, major components (241A and 230A; 240A
and 231A; 240A and 229A, respectively); all of these were
smaller than the major LDL components of the normolipidemic

subjects.



Fig 28. Time course of change in particie size distribution
(2-16% gel) of LDL (0.3 mg/ml protein; subjects DJ, first
row; AP, second row:; TI, third row; LS, fourth row; DR,
fifth row), either nonincubated (left column), or incubated
(37°C; 6h, middle column; 24h, right column) with discoidal

complexes (0.4 mg/ml PC).
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Table 9 -Summary of the apparent particle diameter (APD, X) of nonincubated and discoidal

noninc

inc (1h)

inc (6h)

inc (24h)

complex-exposed* LDL.

no. of components
LDL diameter
no. of components

APD of class I
products

no. of components

APD of class 1
products

APD of class 11
products

 no. of components

APD of class I
products

APD of class II
products

DJ AP TI LS DR

4 2 2 2 2
268,262,255,245 | 260,253 | 243,230 | 240,230 240,229

3(n* 1(1) 2 (1)
267,260,253 | 256 - | 245,23

, *

2(1). --- --- 3(1); 3 (11) 1(1); 4 (11)
270,265 250,247,240 | 250

--- -—- --- 371,344,290 390,333,340,;29
1 (I); 1 (I1) 1(1)1(11) | 1(1):1(11) 1(1); 4 (11) 1(I); 4 (11)
277 274 265 257 255
412,382,327 336 305 384,379.344,225 395,386,345,295

*For details of incubation conditions,

see legend to Fig 28.

* %

Major LDL components within the patterns are underlined.
k 4 . . ,

Roman numerals in paranthesis designate class of products.
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Marked changes in tﬁé GGE patterns (Fig 29, middle and
left columns; Table 9) were observed upon incubation (37°¢)
.of LDL (0.3 mg/ml protein) with DC (0.4 mg/ml PC)* over time
periods of lh, 6h, and 24h. During the course of the incu-
bation, there was a shift in APD values of components within
each LDL pattern towards larger values; the smaller the ini-
tial LDL size, the greater the extent of shift towards
.1arger APD values at each incubation time. For example, the
extent of shift (15 to 23A; subjects TI, LS, DR) towards
larger APD values at 24h was more for the small initial LDL
components than that (6 to 9A; subjects DJ, AP) for large
initial LDL components. By 24h, the LDL pattern for each
subject was transformed from one containing two or more
well-resolved peaks to one with a single, relatively broad
peak. The APD of the single, broad peaks were either
slightly (DJ, 277A), or considerably (AP, 260A versus 274A;
TI, 241A versus 265A; LS, 240A versus 257A; DR, 24OA versus
255A) larger than the APD of the major LDL components in
corresponding patterns of untreated LDL. The range of APD
values (255-=277A) in the GGE patterns (24h) of these
transformation products was smaller than the particle size
range of the corresponding initial major LDL compdnents

(229-268A). Since they still remained within the usual

*The concentration of both the discoidal complexes and
LDL were such that the LDL-PL/DC-PL weight ratio (1.3)
was within the range of LDL-PL/PCV-PL (0.7-2.0) that
gave rise to E II during incubation of LDL, PCV, and
BF.



particle size range of human plasma LDL (218-278aA), we
designated them as <class I products, conforming to the

designation used in the PCV incubation system.

In four out of five subjects, the transformation to a
single peak pattern appeared to proceed in time via, either
a progressive decrease (DJ), or no change (DR}, in the
number of components within the size range of plasma LDL.
In LS's LDL, however, the transformation involved an
increase, at 6h, from two components to three (Fig 29, mid-
dle column): two components had larger APD values (255a,
24927) than those observed in the pattern of nonincubated LDL

(240A, 231A) and the third component had the same APD value
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(240A) as the larger component in the nonincubated LDL It

is possible that a comparable increase in numbe; of com-
ponents, particularly in the tDL of the hypertriglyceridemic
subjects, might also have occurred, but was not  observed
because of the different rates of transformétion and inap-

propriate time points selected for sampling.

At 24h, the patterns of all subjects' transformed 'LDL
showed a decrease in total area under ali peaks of class I
products. This decrease was associated with a consistent
appearance of three to four new, relatively minor components
with APD values (412-290A, Table 9) substantially beyond the
normal LDL size range. We designated such components as
class II products in the PCV incubation system. Interest-
ingly, no material appeared at the top of the gel, suggest-

ing that no aggregates of LDL and DC were formed in contrast



to our results using PCV. The formation of class II pro-
ducts occurred earlier (6h versus 24h) in the hypertrigly-
ceridemic subjects and the APD values were smaller (range,
395-290A) than those of similar products (range, 412-327Aa)

found in GGE patterns of the normolipidemic subjects.

Thus, the effect of LDL interaction (6h5 with DC was
similar to Effect II observed during incubation (65) of LDL,
PCV, and BF, i.e., formation of class I and <class II pro-
ducts. Furthermore, the small, major LDL components were

more reactive to DC and APD increase than the large ones.

2. Ultracentrifugal Distribution of Discoidal Complex-

Exposed LDL

To establiSh further the physical-chemical properties
of class I and class II LDL products formed during interac-
tion of LDL and DC, we next investigated procedures for
their isolation from each other, as well as from DC. Using
LDL with major components of considerably different initial
particle sizes (from subjects DJ, AP. and TI), isopycnic
density gradient ultracentrifugation was per formed on
d<1.063 g/ml fractions isolated from separate incubation
(37°C, 24h) mixtures. As indicated previously (Table 9),
the patterns obtained at 24h showed the greatest extent of
APD change, as well as complete transformation to <class I

and class I1 species.

Using GGE, the particle sizes of LDL components within

" each ultracentrifugal density fraction (DJ, Fig 29A; AP, Fig
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Fig 29. Particle size distribution of nonincubated LDL and
discoidal complex-exposed LDL within ultracentrifugal frac-
tions. Two ml of the plasma d 1.019-1.063 g/ml fraction
from incubation (6h) mixtureg containing LDL (0.3 mg/ml pro-
tein) and discoidal complexes (0.4 mg/ml PC) were subjected
to isopycnic density gradient ultracentrifdgation (method of
Shen et al (d). The top 0.5 ml (fraction 1) and underlying
1 ml fractions were separated for gradient gel electo-
phoresis (GGE;'2—16% gel, protein stain). The patterns of
only fractions 1-6 (lanes 1-12, respectively) are shown.
LDL within the incubation mixtures were from (A) subject DJ,
(B) subject AP, (C) subject TI. Odd-numbered lanes: GGE of
. LDL in density fractions from nonincubated samples; even-
numbered lanes: GGE of LDL in density fractions from incu-
bated samples. Lane 13, calibration standards (iatex beads

(L), thyroglobulin (T), apoferritin (A)).
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29B; TI, Fig 29C), were determined and are summarized in
Table 10. For nonincubated LDL of all subjects, we found
that each component observed within the GGE pattern of the
separated density fractions (Table 10) had a corresponding
component of approximately similar particle size within the
pattern of the unfractionated LDL (Table 9). For example,
the particle sizes of LDL components found in each of the d
1.036 g/ml (DJ, 265A; AP, 263A) and the 4 1.041 g/ml (DJ,
258A and 246A; AP, 253A) fractions corresponded, respec-
tively, quite closely to those of the larger (DJ, 262A; AP,
260A) and smaller (DJ, 255A and 245A; AP, 253A) components

of unfractionated, nonincubated LDL.

The ultracentrifugal data on untreated samples indi-
cated an inverse relationship between size and hydrated den-
sity, similar to that previously described by Krauss and
Burke (38). Although an inverse size versus density rela-
tionship also existed for class I products, the 1latter LDL
were spread more widely across the density gradient and
detected in fractions more dense than expected from the size
versus density relationship observed for nonincubated LDL.
For example, the major LDL components (269A and 259A) of
subject TI after incubation with DC were found distributed
between the 4 1.041 g/ml and the 4 1.050 g/ml fractions

instead of floating in the d 1.036 g/ml fraction.

Changes in distribution of mass across the density gra-

dient were estimated from areas measured under GGE peaks of

LDL components within isolated ultracentrifugal density
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*
Table 10 -Ultracentrifugal distribution of nonincubated and discoidal complex-exposed LDL.

fraction ?ensi?y noninc LDL . discoidal complex-exposed LDL
q/ml

subject DJ | subject AP |subject TI || subject DJ| subject AP | subject TI

APD**%are; APD |%area | APD |%area || APD |%area] APD [%area | APD [%area

1 1.021
2 1.026
3 1.031 274 | 34 281 33
(264)
4 1.036 | 265 | 3¢ | 263| 26 | 242 17 l275 | 46| 275 | 73 | 264 | 12
[339] [337]
5 1.041 258 | 33 | 253| 58 |243 | 31 [[(289) 273 | 22 | 261 37
(246) 268 | 20 [312]
[337]
6 1.050 250| 16 |239| 34 259 35
(227) [301]
7 1.060
1

*For details of experimental conditions see legend to Fig 28.

*%k
APD denotes apparent particle diameter (A) of the major and minor (in paranthesis)
LDL components. Components with APD values in brackets are class II products.

*The area (protein stain) under the LDL peak within the gradient gel electrophoresis
pattern of each ultracentrifugal fraction (see Fig 29) was estimated from densitometric
scans of the gels and the percentage of the LDL area in each density fraction relative
to the sum of the LDL areas for fractions with identifiable LDL peaks.
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fractions (see Table 10). The distribution of mass of class
I LDL across the density gradient was either similar to that
of the nonincubated LDL (TI) or shifted (DJ and AP) towards
fractions with lower density. The shift in mass of DC-
exposed LDL of subjects DJ and AP occurred from the 4 1.041
g/ml to the d4d 1.036 g/ml fraction, where the density gra-
dient was half as steep as the region of the gradient in
which TI's LDL floated (the d 1.041 to 1.050 g/ml frac-
tions). The steepness of the density gradient where TI's
'LDL was located may be responsible for its apparent lack of
density shift. In any case, the shift of mass of class I
species, if any, to lower density was much 1less than
expected from thé increase in APD relative to nonincubated
LDL in all three subjects. Moreover, the distribution of
mass of class II products along the density gradient was
similar to that of class I material in all subjects, in

spite of considerably larger APD values.

These data showed striking similarities with those
obtained wusing PCV. In both incubation systems, the shifts
in LDL density, if any, were small and towards decreasing
density. In both systems, class II products had a density

comparable to class I products.

3. Chemical Characterization of Discoidal Complex-

Exposed LDL Isolated by Gel Filtration

Since the density differential between <class I and
class II products produced during interaction of LDL with

apo AI-PCDC was insufficient for separation by density
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gradient ultracentrifugation, gel filtration was attempted

to take advantage of the size differential identified by GGE
between these products. It should be pointed out that any
discoidal complexes with a size similar to LDL was removed
by gel filtration (see Fig 3 in Methods, section C) from the
disc preparations prior to incubation studies. Fig 30 shows
the elution profiles of total mixtures containing DC-exposed
(24h, top) and nonincubated (bottom) LDL (TI). The position
of the major peak in the elution profile of the former
(fraction 27) was shifted towards lower elution volumes

relative to that of nonincubated LDL (fraction 28), con-

sistent with changes in APD observed in their GGE patterns{

In addition, a shoulder appeared at an elution volume (frac-
tion 21 thru 24) less than that of the major peak (fraction
25 thru 29). GGE patterns of fractions across the elution
profile indicated that this shoulder contained mainly class
ITI products © (295A, 351A; Fig 30, insert) and minor amounts
of class I spécies (277-251A) . Fraction 25 contained both
class I and class II species (Fig 30, insert). GGE patterns
of fractions within the major chromatographic peak (exclud-
ing fraction 25) indicated the presence mainly of class I
species (258-262A; Fig 30, insert). Thus, fractions 26-28
(class I) and 21-24 (class II) of DC-exposed LDL, as well as
fractions 26-30 of nonincubated LDL (241A 2307A) , were

separately pooled and concentrated.

Chemical analysis of the pool of fractions containing

TI's class I products indicated a 40% increase and a 32%
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Fig 30. Elution profiles from gel filtration of 1incubation
mixtures containing LDL and discoidal complexes. Following
incubation (37°C, 24h) of LDL (subject TI, 0.3 mg/ml pro-
tein) and discoidal complexes (0.4 mg/ml PC), an aliquot was
directly applied to a 2.5 x 100 cm column of 6% beaded
agarose gels for gel filtration (4°C, 30 ml/h). Samples
were eluted (using a 0.01 M Tris-0.15 M NaCl buffer, buffer
B, see Methods, section A) and 5 ml fractions collected.
(A) nonincubated LDL alone; (B) incubated sample; class I
(fractions 26 to 28) and class II products (fractions 21 to
23) were identifiéd by gradient gel electrophoresis (GGE;
see 1inset). The discoidal complexes were elqted in frac-
tions 33-39. Inset: Gradient gel electrophoresis of frac-
tions 20-28 across the elution profile of discoidal

complex-exposed LDL.
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decrease in PL/protein and UC/protein weight ratio, respec-
tively (see Table 12). By electron microscopy (see Fig 32B,
next section) class I species showed negligible amounts of
discoidal structures, ruling out the possibility that the

increase in PL/protein ratio reflected contamination by DC.

To check that the increased phosphorous levels in LDL
following incubation with DC were due to increased levels of
PC rather than to degradation products such as LPC, TLC was
performed on total incubation mixtures of LDL from subject
JB (a hypertriglyceridemic subject with small, major LDL
components: 224A and 238A) and DC. The amount of LPC in the
mixture (Table 11l) remained unchanged, indicating that the
increase in APD value of LDL was associated with an increase

in PC and not in LPC content of LDL.

Changes in PL content of class I products (Table 12),
upon incubation (37°C, 6h) with DC were evaluated in LDL
from other subjects (DJ and LS) which had considerably dif-
ferent initial major LDL particle sizes. At the shorter
incubation time (6h, compared to 24h used for TI's LDL),
there was little change in APD value of the major components
of DJ's LDL. On the other hand, a considerable shift in
LS's pattern to larger species (Table 9). Class I species
from both incubation mixtures were isolated by gel filtra-
tion in a manner similar to that described for TI's LDL.
Nonincubated LDL were collected in fractions 25 to 27 (DJ,
not shown) and fractions 25 to 28 (LS, Fig 31, top), and

DC-exposed LDL were collected in fractions 25 to 27 (DJ, not
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Table 11 -Lysolecithin (LPC) content of incubation mixturesf

*

total PL (mg/ml1) LPC (mg/m1)* %LPC/total PL

noninc LDL 027 0.032 12
inc (6h) LDL 0.30 0.030 10
inc (24h) LDL 0.2% 0.038 14
noninc DC 0.38 0.003 --
inc (6h) DC 0.40 0.004 --
inc (24h) DC 0.35 0.003 --
inc (6h) LDL+DC 0.69 0.034 5

inc (24h) LDL+DC Q.72 0.043 6

calculated 0.70 0.034 5

LDL (6h)+DC (6h)

claculated =105, 562 0.041 7

LDL (24h)+DC (24h)

*LDL (0.3 mg/ml protein) and discoidal complexes (DC, 0.4 mg/ml
PC) were incubated separately and together. Total lipids were
extracted from the incubation mixtures by chloroform/methanol
and approximately 100 »g PC was used for thin layer chromatog-
raphy (see Methods, section H). Four spots corresponding to
LPC, PC, sphingomylin, and phosphatidylethanolamine were iden-
tified. The sum of the latter three spots, as well as the LPC
spot, was scraped off for phosphorous measurement. Results are
presented as mg phospholipid per 1 ml initial sample.

A**The sum of LPC contents of LDL and discoidal complexes each
incubated (6h, 24h) alone was compared to the LPC content of the
incubation mixture containing both LDL and discoidal complexes.
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Table 12 -Chemical composition (weight ratios) of nonincubated
LDL and discoidal complex-exposed (class I and class II
*%k
products) isolated by gel filtration .
subjects
DJ LS TI
PL/P 0.98 0.94 0.91
noninc LOL{UC/P  0.31  0.20 0.2
CE/P 1.50 1.41 sl
PL/P 1.04 1:22 1.27
class I uc/p 0.19 0.13 0.14
products
CE/P 1.38 1.2 1.18
PL/P -—— 1.0 1.12
class II uc/p -——-- 0.11 ----
products
BE/P™ - smme "~ D80 . mmra

3 ,
PL/P, phospholipid/protein; UC/P, unesterified cholesterol/
protein; CE/P, cholesteryl ester/protein weight ratios.

*%
For details see legend to Fig 30 and 31.
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Fig 31. Elution profile of LDL (subject LS) obtained from
incubation mixtures. The d<1.063 g/ml fractions obtained
from mixtures of nonincubated LDL (0.3 mg/ml protein; top),
LDL (0.3 mg/ml protein) incubated (6h) with discoidal com-
plexes (0.4 mg/ml PC; middle), and LDL (0.3 mg/ml protein)
incubated with discoidal complexes (0.4 mg/ml PC) and albu-
min (35 mg/ml; bottom) were each subjected to gel filtration
(see legend to Fig 30 for details). Class I products (frac-
tions 25-28) and class II products (fractions 21-23) were

separately pooled.
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shown) and fractions 25 to 28 (LS, Fig 31, middle). Chemi-
cal analysis of the pooled fractions containing <class I
species from DJ's LDL showed 1little (6%) change 1in
PL/protein weight ratio (Table 12), and a 30% increase in
PL/protein of <class I species from LS's LDL. Both DJ and
LS's class I products showed 39% and 35% decrease in
UC/protein ratio, respectively. Thus, under identical con-
ditions with DC, an initially large, major component showed
little PL uptake and little increase in APD whereas an ini-
tially small, major LDL component showed a marked increase
in PL content and APD value. Also, the size increase in LDL
from the quertriglyceridemic subjects roughly correlated
with PL uptake by the LDL. Thus, an about 9-24A size
increase (LS, 6h) was associated with 30% PL uptake, and 26A

size increase (TI, 24h) was associated with 40% PL uptake.

Chemical analysis of class II products (Table 12) iso-
lated by gel filtration, showed a 45% decrease in UC/protein
ratio, similar to that observed for class I products (35%),
but a PL/protein weight ratio only slightly greater (14%)
than nonincubated LDL (compared to 30% for <class I pro-
ducts), suggesting that the increased APD of class II pro-
ducts was not due to a PL uptake comparable to class I pro-

ducts.
4. Electron Microscopy of Discoidal Complex-Exposed LDL

As described above, interaction of LDL with DC resulted
in an increase in APD value which was roughly related to the

*
amount of PL uptake. When we calculated the 1increase 1in

*Shen model of lipoprotein structure (2).
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LDL particle size expected following PC uptake we obtained a
value smaller than that observed by GGE. For maximal PL
uptake (40% increase in PL/protein weight ratio) by TI's LDL
(230A, 240A major components), for example, an increase of
10-14A was calculated. However, by GGE, an apparent
increase of 25-35A was obtained. These calculations suggest
either a change in LDL shape with DC exposure or shortcom-
ings of the model. As an alternate means of studying LDL
shape and/or size change, electron microscopy using negative
stain was performed on class I products chromatographically
isolated from incubation mixtures of LDL and DC. Represen-
tative micrographs are shown for LS's LDL (Fig 32). Both
control (Fig 32A) and Dé-exposed (Fig 32B) LDL showed round,
dispersed particles. Occasionally DC-exposed LDL also
showed hexagonal packing as well as chaining of
rectangularly-shaped particles. Thus, similar to the
results using PCV, no major changes in LDL shape were seen

upon interaction of LDL with discoidal complexes.

EM size measurements were made on nonincubated LDL and
class I products formed during incubation of LDL with DC.
When the particle size distribution (by EM, Fig 32C) of LS's
nonincubated LDL was compared with class I products of DC-
exposed LDL, a shift to larger particles was seen 1in the
latter without a change in the location of the peak of the
distribution. This was in agreement with GGE observations
(see Fig 2.8) As shown in the plot of the GGE versus EM mean

particle diameter (Fig 33, top) an increase in mean particle
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Fig 32. Negative stain electron microscopy on the d<1.063
g/ml fraction from (A) nonincubated LDL (subject LS) and
from (B) incubated (6h) mixture of LDL and discoidal com-
plexes. The histogram below the electron micrographs demon-
strates particle size distribution of LDL shown in (A)
(dashed lines; hashed) and (B) (solid 1lines). For

corresponding patterns see Fig 28 (subject LS).

161



162

160 —

150

sajonJed jo p—

230
diameter (A)

XBB 849-6743



Fig 33. Comparison of the mean apparent particle diameters
(APD) of a multicomponent LDL pattern obtained by gradient
gel electrphoresis and the mean particle sizes of discoidal
complex-exposed LDL (top) and PC vesicle-exposed LDL (bot-
tom) by electron microscopy. Different symbols designate

data from different experiments.
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size of the DC-exposed LDL is observed by EM, comparable to
that obtained by GGE. Thus, the extent of increase in par-
ticle diameter of DC-exposed LDL (by EM or GGE) is more than
that predicted by the Shen model. Figure 33, bottom, shows
that a good correlation exists between EM particle size and
GGE APD value, and that the slope of the regression 1line
using DC-exposed LDL (0.72) 1is comparable to that (0.79)

using PCV-exposed LDL.

8. Suéceptibility of the Apoprotein moiety of Discoidal

Complex—-Exposed LDL to Trypsin

Alterations in size and possibly shape of LDL due to PL
uptake may produce alterations in surface properties of LDL.
To investigate whether PL uptake by LDL together with the
associated changes in APD altered the protein moiety on the

surface of intact LDL, the accessibility of apoB to trypsin

attack during short term proteolysis was assessed. SDS-PAGE

patterns of LDL (isolated by gel filtration; TI), both
nonincubated (Fig 34, lane 8) and its class I products (Fig
34, lane 10), showed the presence of a major, broad, high
molecular weight (247 Kd) band and two very faint bands (Mw,
193 Kd and 136 Kd). Some minor, large MW bands (MW>250  Kd)
were also present, which may have been aggregates of apo B

formed during delipidation.

Limited tryptic digestion (37OC, 2h, 1:100 enzyme:LDL-
protein weight ratio) of LDL not exposed to DC (Fig 34, lane
9) resulted in the disappearance of the major, high MW band

and appearance of several bands mainly within MW range of
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Fig 34. Changes in susceptibility of discoidal complex-
exposed LDL to trypsin attack Nonincubated LDL and discoidal
complex—-exposed LDL were isolated by gel filtration as
described in Results, section D3. Isolated LDL were treated
with trypsin (37°c, 2h, 1:100 enzyme:LDL protein weight
ratio) and SDS-polyacrylamide gel electrophoresis (4% gel)
was performed on 50 pg samples. Lane 2, DJ's nonincubated
LDL; lane 3, DJ's LDL treated with trypsin; lane 4, DJ's
discoidal complex-exposed LDL; lane 5, DJ's discoidal
complex-exposed LDL treated with trypsin; lane 6, DJ's LDL
incubated with discoidal complexes and albumin; lane 7, DJ's
LDL, first incubated with discoidal complexes and albumin
and then treated with trypsin; 1lane 8, TI's nonincubated
LDL; lane 9, TI's LDL treated with trypsin; lane 10, TI's
discoidal complex-exposed LDL; lane 11, TI's discoidal
complex-exposed LDL treated with trypsin; lanes 1 and 12,

molecular weight calibration proteins.
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130 Kd to . 62 Kd. Proteolysis of «class I products,
chromatographically-isolated from incubation mixtures of LDL
and DC, resulted in a pattern (Fig 34, 1lane 11) different
from that of trypsinized LDL not exposed to DC (Fig 34, lane
9); major bands at MW values of 256-150 Kd and 128 Kd, as
well as minor components within 92-67 Kd MW range, were
present in the former. Thus, the proteolytic pattern of
DC-exposed LDL remained at higher MW values compared to the
proteolytic pattern of LDL not exposed to DC. Longer incuba-
tion (4h) of DC-exposed LDL with trypsin resulted in a gel
pattern (not shown) similar to the proteolytic pattern of
the LDL not exposed to DC. Thus, a decreased rate of trypsin
digestion of the DC-exposed LDL occurred, possibly as a
consequence of alterations in the LDL surface organization

following PL uptake.

DJ's LDL which showed little change in GGE pattern when
incubated with DC, exhibited little change in the SDS-PAGE
pattern (DC-exposed, Fig 34 ,lane 3; not exposed to DC, Fig
34, 1lane 5) upon exposure to trypsin (37°C, 2h, 1:100
enzyme:LDL-protein weight ratio). SDS-PAGE patterns of non-
trypsinized LDL, both the LDL not exposed to DC (Fig 34,
lane 2) and DC-exposed LDL (class I products, Fig 34, lane
4), showed the characteristic high MW (247 Kd) major bands,
similar to those observed for TI (Fig 34, 1lanes 8, 10).
Thus, when changes in PL content or in APD value of LDL were
minimal, as in the case of intially large, major LDL com-

ponents, no effect on the rate of trypsin attack on apoB was
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observed.
6. Further Characterization of Class II Products:

In Results sections C and D, we described the formation
of species beyond the LDL size range (APD range, 290-4123),
when LDL interacted with either DC or PC vesicles plus BF.
Unlike class I products, class II products showed only minor
change in PL con%ent. Hence, our first assumption on the
structure of class II products was that they may be fusion
products of LDL particles whose surface has been altered
upon éxposure to PL. However, electron microscopy of class
II products (Fig 35) showed no particles within the APD
range of class II species described by GGE. Instead, parti-
cles similar in appearance (shape and packing) and particle
size (224+30A) to class I products (mean diameter, 225+28A)
were present. Thus, EM observations appeared inconsistent
with fusion as the mechanism for formation of class II pro-

ducts.

Based on their APD values, class II products of incuba-
tion of LDL with DC could be association complexes of DC
(approximate width, 56+20A) and LDL (diameter range, 230-
269A) . A 1:1 association complex of an LDL of 240A and a
discoidal complex of 56A width would have an APD value of
296A, comparable to the APD of the major component of class
II products. Since each DC particle contains two apd AI
molecules, a 1l:1 association complex of DC and LDL would
have two apo AI per apo B, or about 36 mg apo AI per mg

LDL-protein in an incubation mixture of LDL and DC
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Fig 35. Electron micrographs of <class II products from
discoidal complex-exposed LDL. Class II proaucts were
obtained by gel filtration (fractions 21-23, see Fig 31) of
incubation mixtures containing LDL (subject LS) and
discoidal complexes. Note the overall similarity of packing

and shape to class I products shown in Fig 32B.

170



171

XBB 849-6747



containing only class II products. However, radial immuno-
diffusion, using anti-apo AI antibodies, of isolated class
II products (from subjects LS and TI; 100 ng protein each),
did not indicate any apo AI, under conditions where as much

as 1lpg apo AI per mg LDL-protein would have been detectable.

It is possible that class II products are association
complexes of LDL. Evidence for this possibility derives from
our GGE observations (Fig 36) showing that proteolytic
digestion (37°C, 1h, 1:5 enzyme:LDL-protein weight ratio) of
class II products (LS) resulted in a 90% decrease in the
area under the initial peaks of class II products (295A
342A 370A 386A; Fig 36A). This decrease occurred concomi-
tant with the appearance of two GGE components with APD
values (242A, 237A; Fig 36B) corresponding to those of
nonincubated LDL (LS, 240A and 230A; see Fig 28). One
explanation for this observation would be that class II pro-
ducts are complexes of LDL bound together via their apopro-
tein moieties, and trypsin, by degrading some of the pro-
ﬁein, disrupts this binding and releases LDL-sized products.
The actual particle size of the particles making up the com-
plexes cannot be unambiguously deduced from the trypsin
experiments, because trypsin may alter the particle size of

the LDL species (see Appendix B) released from the complex.
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Fig 36. Interaction of class II products with trypsin. (A)
Particle size distribution of class II products isolated by
gel filtration (see legend to Fig 31) of an incubation mix-
ture of LDL (subject LS) and discoidal complexes. (B) Par-
ticle size distribution of class II products following
treatment with trypsin (37°C, lh, 1:5 enzyme:LDL protein
weight ratio). The sample was directly applied to the gra-

dient gel (2-16%) following trypsin treatment.
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7. Summary of Studies Using Discoidal Complexes and LDL

Discoidal complex-induced changes' in LDL properties
were strikingly similar to those induced by PC vesicles.
During incubation (6h) of LDL with DC, an increase in LDL
APD value was observed, similar to that induced by PCV dur-
ing Effect II. This occurred for LDL-PL/DC-PL weight ratio
within the range of LDL—PL/PCV—PL values. The APD increase
using either PCV or DC was associated with minor but compar-
able (between the two systems) changes in hydrated density,
morphology, and peak SOf rate. In addition to class I pro-
ducts, class II products were formed in both cases. Despite
these similarities, however, not all the effects observed
using PCV were detected in incubation studies using DC. PL
levels high enough to produce Effect III using PCV, for
example, did not result in comparable pattern transforma-
tiéns using DC. Also, no aggregates of LDL and PL, as
observed with PCV, were noticed. An intriguing difference
between the two systems was our observation that LDL incuba-
tion with PCV alone did not result in any APD change,
whereas DC alone was sufficient to produce APD increase. BF
was required for APD increase when using PCV. Studies to
ascertain wﬁether an additional increase in LDL APD might

occur with DC in the presence of BF were performed and are

described in the next section.
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E. Incubation of LDL with Discoidal Complexes and Plasma

Components

l. Apparent Particle Size Distribution of LDL Following
Incubation with Discoidal Complexes: Role of the Plasma
d>1.20 g/ml Fraction with or without an Inhibitor of LCAT

Activity

In preliminary studies, LDL (subject ™G; 0.6 mg/ml pro-
tein) was incubated (37°c, 1lh, 6h, 24h) with DC (1.l mg/ml
PC) and BF (1 Co). When LCAT activity was inhibited (by
PX), a progressive increase in LDL APD was noticed with
increasing incubation time (nonincubated, 262A; incubated
(6h), 266A; incubated (24h) 270A), and class II products
were detected (24h) by gradient gel electrophoresis. The
APD value was larger in the presence of BF (LCAT inhibited)
than its absence. Thus, BF appeared to play a similar role
in facilitating APD increase 1in both the PCV and the DC
incubation systems. When no inhibitor of LCAT activity (PX)
was added to the incubation mixture of LDL, DC, and BF, a
progressive decrease in LDL APD value was observed (noninc,
262A; inc (6h), 260A; inc (24h), 256A) and no components
within the particle size range of <class II products were
formed. The decrease in LDL APD in this system was similar
to that observed during incubation of plasma (with a large,
major LDL component) either alone (LCAT active, discussed in
Results, section B), or with low PCV levels (Effect I; dis-
cussed in Results, section C). Thus, during incubation of

LDL with DC and BF, Effect I could be seen when LCAT was not
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inhibited, whereas Effect II could be seen when LCAT

activity was inhibited.

Since an increase in LDL APD during interaction of LDL
with DC was shown to be due to PL uptake by-LDL, the proper-
ties of the BF factors leading to accelerated APD increase
might relate to facilitation of PL transfer from discoidal

complexes to LDL

2. Particle Size Distribution of Discoidal Complexes
Following Interaction with LDL: Role of the Plasma d>1l.20

g/ml Fraction with or without an Inhibitor of LCAT Activity

Changes in particle size distribution of DC (Fig 37)
were evaluated during interaction of DC with only LDL, and
the results were compared to those obtained in the presence
of BF as well. The disc preparation consisted of a major
(large dimension,‘94A class 3) and three minor (125A <class
4; 169, class 2; 80A, class 1) components (Fig 37A). Incu-
bation of this disc preparation with LDL (subject BG) alone
resulted in a marked decrease in area under the peak of the
class 3 component in conjunction with the appearance, at 1lh
(Fig 37B), of a polydisperse pattern. At 6h, the heterogene-
ous pattern was transformed into one containing a 1large,
major (109A) and three small, minor (87A, 84A 80A; Fig 37C)
components. At 24h, the pattern consisted of one small,
major component (79A, Fig 37D) and a large, (l107A) minor
one. In the presence of BF (LCAT active), the transforma-
tion to a large, minor (108A) and a small, major (82A) com-

ponent occurred rapidly, i.e. at 1lh (Fig 37E). Longer
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Fig 37. Particle size distribution of discoidal complexes
(DC) following interaction with LDL and plasma d>1.20 g/ml
fraction (BF). Gradient gel electrphoresis (4-30% gels) was
performed (A) on nonincubated DC isolated by gel filtration
(see Methods, section C); and (B)-(D), on d 1.063-1.20 g/ml
fractions from mixtures comprised of LDL (subject BG, about
0.8 mg/ml protein) and DC (0.4 mg/ml PC) incubated for (B)
1h, (C) 6h, (D) 24h. Mixtures of LDL, DC, and BF (plus
paraoxon, 2 mM) were incubated for (E) lh, (F) 6h, (G) 24h.
Mixture of LDL, DC, and BF (without an LCAT inhibitor) were

incubated for (H) lh, (I) 6h, and (J) 24h.
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incubation time (6h and 24h) resuited in interconversion of
both components to a single peak (6h: 95A, Fig 37F; 24h:
94A, Fig 37G). In the absence of LCAT activity, BF first
enhanced conversion of class 3 discoidal complexes mainly to
a large, minor (lh: 107A, Fig 37H; 6h: 106A, Fig 37I) and a
small major (lh: 86A, 83A 80A; 6h: 78A) component. At 24h,
a single small, major component (78A; Fig 37J) was observed.
Thus, both LDL and BF (LCAT inhibited) transformed class 3
discoidal complexes to smaller species (within the (HDL3)gge
particle size interval (81.5-87), whereas BF (active LCAT)
first converted the complexes to the small component (lh)
which subsequently (6h-24h) was transformed to a larger one,
within (HDLzé)gge particle size interval, 87A to 99A' . The

accelerated decrease in particle size of DC when . BF (with

LCAT inhibitor) was added to incubation mixtures of LDL and

discoidal complexes, was consistent with the notion that
factor(s) in BF facilitate PL removal from discoidal com-
plexes. We next examined the properties of these factors
and made attempts at their identification and purification

from BF.

3. Identification of a Facilitation Factor in Plasma
d>1.20 g/ml Fraction: Effect of Albumin on the Apparent Par-

ticle Diameter of LDL Incubated with Discoidal Complexes

Our assay for facilitation factor activity in BF,
evaluated changes in LDL APD value during incubation (37OC,
6h) of LDL (0.3 mg/ml PC) with PCV (0.8-1.5 mg/ml PC) plus

the fraction to be tested. In preliminary studies, the

180



factor was found to be nondialysable (MW>6000), heat-stable
(56°C, 30 min), and. not sensitive to either disulfide
reagents (e.g. mercaptoethanol or glutathione) or high ionic
strength (I1=0.64) solutions wused for ultracentrifugal
separation of BF from lipoproteins. The factor was also
stable to at 1least three consecutive ultracentrifugations
(40000 rpm, 24h, each). These observations suggested that

the factor is a protein other than LCAT

Preliminary attempts at fractionation of BF were per-
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formed by a single-step ultracentrifugation (Sorvall TV-850 -

rotor, 50000 rpm, 3h, 15°C) of plasma (10 ml) adjusted to 4
1.30 and overlaid with 4 L.006 NaCl solution (24 ml). The
lipoproteins floated away from plasma proteins (BF) into the
top 16 ml volume, and separate 2 ml fractions were collected
bélow this volume and assayed for facilitation activity. By
evaluating the APD increase during incubation (37°C, 6h) of
LDL and PCV, the factor was shown to be present in the 20th
ml through 34th ml fractions (not shown), but not the 1l6th
through 20th ml fractions. From the ultracentrifugal dis-
tribution of cholesterol (not shown) it was apparent that
the 20th ml through the 34th ml fractions contained 1little
cholesterol, indicating that the factor probably was not a

lipoprotein (e.g. very high density lipoproteins).

Following a scheme generally used for purification of
LTPs in BF (85,86), attempts were next directed to further
isolation of the facilitation factor. During fractionation

of BF using phenyl-sepharose affinity chromatography, the



facilitation factor appeared in the unbound fraction. This
observation ruled out the possibility that LTPs were
involved in LDL pattern transformation. In fact, during
incubation (37°C, 6h) of LDL (JB, DJ) with either PCV (Table
13, top) or DC (Table 13, bottom) in the presence of
partially-purified PL transfer protein (0.27 mg PLTP per mg
LDL-protein) the APD values of the major LDL components
remained similar to those observed during incubation in the
absence of PLTP. Similarly, incubatiaon (37°C, 6h) of LDL
(DJ) and DC in the presence of PLTP, did not facilitate
transformation of discoidal complexes to smaller species
(not shown), in contrast to the effect observed by BF. In
contrast, this PLTP preparation (100 ung PLTP per mg HDL pro-
tein) enhanced PL transfer to HDL and interconversion of HDL
(diameter of nonincubated major component, 86A; Fig 38, lane
1) to larger (90A, Fig 38, lane 3) species (compared to 87A
in the absence of PLTP; Fig 38, lane 2) during incubation

(37°c, 3h) with PCV.

One of the most abundant proteins in BF which does not
bind to = phenyl-sepharose (86) and has binding sites for PL
(90) is albumin. Thus, we tested the ability of human albu-
min (fatty-acid free) to induce LDL transformation in the
presence of a source of PL (e.g. PCV or DC). Incubation
(37°C, 6h) of LDL (DJ, LS, and DR) with either DC or PCV in
the presence of albumin (35 mg/ml) resulted in both an
increase 1in APD value (Table 13) and transformation to sin-

gle peak pattern (Table 13 and Fig 39C). A similar
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Table 13 -Apparent particle diameters (K) of the major components

*
of LDL: Effect of incubation with PC vesicles (top) or

discoidal complexes (bottom).
subjects

B BJ L5 bR
noninc LDL 250,238,224 268,262 240,230 240,229
inc (+pcv)™ 249,240,228 268 243,233 245,233
inc (+PCV+PLTP]™ 250,241,228 268 A B
inc (+pCv+HsA) ™ -t 275 261 256
inc (+0C)™ 253,243,236 270,265 250,247,240 248,239
inc (+DC+PLTP) 253,242 270,264 ---T S
inc (+DCHISA)  =--T 281 257 256

* ’
Incubation (6h) mixtures contained LDL (0.3 mg/ml protein)

in the presence of a combination of the following components:
PC vesicles (0.8 mg/ml PC); discoidal complexes (0.4 mg/ml PC);

partially-purified phospholipid transfer protein (80 f#g/ml);
human serum albumin (35 mg/ml).

**
PCV, PC vesicles; PLTP, partially purified phospholipid
transfer protein; HSA, human serum albuminy DC, discoidal

complexes.

*not done.
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Fig 38. Effect of partially-purified phospholipid or
cholesterol ester transfer proteins on particle size distri-
bution (4-30% gel) of HDL. Lane 1, HDL; lane 2, HDL incu-
bated with PC vesicles; lane 3, HDL incubated with PC vesi-
cles and partially-purified PL transfer protein; lane 4, HDL
incubated with PC vesicles and partially purified CE
transfer protein; lane 5, high molecular weight protein
standards. The concentration of components within the incu-
bation (37°C, 3h) mixtures were: HDL, 0.8 mg/ml protein; PC
vesicles, 1.3 mg/ml PC; transfer protein, 80 pg/ml. Samples
were brought to 1 ml total volume with a Tris buffer (buffer

B, Methods, section A).
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Fig 39. Effect of albumin on the particle size distribution
(2-16% gel) of LDL (subject LS) following interaction with
discoidal complexes. For details of incubation conditions

see legend to Table 13.
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transformation to single-peak pattern occurred during longer
term (24h) incubation of LDL with discoidal complexes alone
(see Fig 28). These data suggest that albumin may be one
of the factors in BF which can accelerate LDL pattern
transformation to larger, single peak patterns. This
presumably occurs as a result of facilitated PL transfer by
albumin from a source of PL (e.g. PCV or DC) to LDL. It
should be pointed out that the addition of PLTP to the incu-
bation mixtures containing LDL discoidal complexes, and
albumin did not result in any additional change in the pat-

terns.

Indirect support for the idea that albumin facilitates
PL transfer from discoidal complexes to LDL derives from an
experiment demonstrating accelerated interconversion of DC
to smaller species in the presence of both LDL and albumin
(Fig 40). The original discoidal complex preparation con-
tained a major (95A) and two minor (88A, 80A) components
(Fig 40A). Incubation (37°C, 6h) of DC with LDL (subject
DJ) alone resulted in the appearance of five components
(110A, 94A, 88A, 86A, 8lA; Fig 40B). Incubation of DC with
albumin alone resulted in the appearance of two small, major
components (92A and 86A; Fig 40D). Incubation in the pres-
ence of both LDL and albumin (Fig 40C) resulted in conver-
sion to a single major peak (80A) plus a minor component
(110Aa). A similar observation was made when LS's LDL was
used (not shown), 1indicating enhanced transformation of

discoidal complexes to smaller species in the presence of
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Fig 40. Particle size distribution (4-30% gel) of discoidal

complexes
albumin.
Patterns
discoidal
complexes

complexes

following interaction with LDL (subject DJ) and
For incubation conditions see legend to Fig 28.
are for (A) nonincubated discoidal complexes; (B)
complexes incubated (6h) with LDL; (C) discoidal
incubated (6h) with LDL and albumin; (D) discoidal

incubated with albumin.
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both LDL and albumin.

4. Chemical Characterization of LDL following Incuba-
tion with Discoidal Complexes and either Albumin or the

Plasma d>1.20 g/ml Fraction

In order to directly evaluate the role of BF and albu-
min in enhanced LDL APD increase, changes in chemical compo-
sition of LDL (subjects DJ and LS) were compared for class I
products formed during incubation (37°C, 6h) of LDL (DJ, LS)
and discoidal complexes (0.4 mg/ml PC) in the presence and
absence of albumin or BF. After incubation, the incubation
mixtures were fractionated by gel filtration under condi-
tions previously described (91). The LDL peak (subject DJ)
in the elution profile of the incubation mixtures containing
LDL, discoidal cbmplexes, and either albumin (fraction 25;
not shown) or BF (fraction 25; not shown) was shifted to a
lower elution volume compared to that obtained in the
absence of albumin and BF (fraction 26). These results were
consistent with the larger APD values of LDL observed by GGE
for the mixtures containing albumin (major LDL component:
nonincubated, 268A and 262A; incubated (+DC), 270A and 265A;
incubated (+DC+albumin), 28l1A; incubated (+DC+BF with LCAT
inhibitor), 280A). The 1larger APD values (by 9-10A) were
associated with 12-13% higher PL/protein weight ratios than
the ratios in incubation mixtures containing only LDL and
discoidal complexes (0.98). A decrease in LDL UC/protein
weight ratio (nonincubated LDL, 0.31l) in the presence of BF

(by about 40%) was seen, comparable to that in its absence
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(by about 35%), but more than that in the presence of albu-

min (by about 26%).

The LDL peak (subject LS) of the elution profile of the
incubation mixture containing albumin (Fig 31C) was slightly
shifted to lower elution volume compared to that (Fig 31B)
in the absence of albumin. The 1increase in PL/protein
weight ratio (40%) in the incubation mixture containing LDL,
DC and albumin was more than that in the absence of albumin
(30%) . The decrease in UC/protein in the mixture containing
albumin (25%) was less than that in the absence of albumin
(35%) . These data indicated that, irrespective of the ini-
tial particle size of LDL enhanced LDL transformation
occurred in the presence of albumin, which was related to
enhanced PL uptake by LDL and a smaller decrease in UC con-
tent of LDL. 1In addition, the larger the initial LDL size,
the 1less the extent of enhancement by albumin of both LDL

APD increase and uptake of PL.

The changes in LDL PL 'content were associated with
reciprocal changes in the PL content of the discoidal com-
plexes. Thus, the PL/protein weight ratio of the d4d 1.063-
1.20 g/ml fraction obtained from the incubation mixtures
(LDL plus DC) decreased by 31% in the absence and by 63% in
the presence of albumin. This ratio in the initial disc
preparation was 2.53. Incubation of albumin with DC in the
absence of LDL resulted in a 17% decrease in PL content of
DC, indicating that both PL removal from the discoidal com-

Plexes and the shift in their pattern to one indicating
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formation of smaller species are more extensive in the pres-
ence of both LDL and albumin (e.g. 63% decrease 1in
PL/protein) compared to the sum (48%) of the effects of

either LDL (31%) or albumin (17%) alone.

These observations were consistent with enhanced PL
transfer from discoidal complexes to LDL in the presence of
albumin. Albumin and not PLTP.was thus found to be one of
the factors in BF that behaved as a facilitation factor; the
possibility of other facilitation factors in BF awaits addi-

tional studies.

5. Susceptibility of Apo B to Trypsin Attack Following

Interaction of LDL with Discoidal Complexes and Albumin

In Results, section D5, we showed an altered rate of
trypsin digestion of apo B within class I products formed
during incubation of small, major LDL components (TI, see
Fig 34) with discoidal complexes. We also found that when
changes in PL content and APD value were minimal, as in the
case of 1large, major LDL components (e.g. subject DJ), no
effect on the rate of trypsin attack on apo B was observed.
In the preceding sections, we observed PL uptake and APD
increase for a large, major LDL component (subject DJ, Table
13), when incubated with DC and albumin. Thus,we expected
that class I products from this incubation mixture (i.e.,
with added albumin) might also show an altered proteolytic
pattern compared to either nonincubated LDL or LDL incubated
with DC alone. Indeed, the SDS-PAGE pattern of apo B from

DJ's LDL in incubation mixtures containing discoidal
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complexes, and LDL, and albumin showed less degradation (see
Fig 34, lane 7) than LDL from mixtures containing LDL and DC
only (Fig 34, lane 5). It is interesting that SDS-PAGE pat-
tern of trypsin-treated LDL isolated from an incubation mix-
ture containing DJ's LDL plus DC and albumin (Fig 34, lane
7) was similar to the pattern of trypsin-treated LDL iso-
lated from an incubation mixture containing TI's LDL plus DC
without albumin (Fig 34, lane 11). These data were con-
sistent with the notion of altered accessibility of apo B to

trypsin following PL uptake and APD increase.

6. Reversibility of Changes in Electrophoretic Proper-

ties of LDL Exposed to DC: Roles of HDL and Albumin

Using radiolabelled PL several studies have shown that
most of the PL of LDL is both accessible to hydrolysis by
phospholipase (92) and can readily exchange with HDL-PL.
Although the location and exchangeability of the additional
PL taken up by LDL from DC is not known, it is 1likely that
this is also within an exchangeable pool on the LDL surface.
Based on this assumption, it was of interest to establish
whether removal of the added PL from the LDL surface was
possible and whether it would reverse the APD increase pre-
viously induced by PL uptake. Of plasma factors that are
known to have a high capacity for PL uptake, HDL was chosen
as acceptor for excess PL from LDL. Following incubation
(37°C, 6h) of DR's LDL (initial particle diameters, 240A and
229A; Fig 28 and Fig 11, lane 1) with DC, HDL (HDL-PL/LDL-PL

mole ratio approximately 10:1) was added, and incubation was
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résumed for another 6h. GGE was performed directly on the
incubation mixture (Fig 41). 1In the ébsence of HDL, both
class I and <class II products were Qbserved (Fig 41, lane
2). Following the second incubation with HDL, a decrease in
the APD values of class I components (from 248A énd 239A to
245A and 232A, Fig 41, lane 3) was observed and the bands
corresponding to <class II products appeared less intense.
Addition of albumin (35 mg/ml) plus HDL to the incubation
mixture, further decreased the APD values of class I pro-

ducts (240A and 230A; Fig 41, lane 5) to the original value.

The above results indicate that a decrease in the APD
values of class I species 1is effected by HDL, and that
reversal of APD values to those observed for nonincubated
LDL is possible by a combination of HDL and albumin. When
HDL, without (Fig 41, lane 6) or with (Fig 41, lane 7) albu-
min, were present in the initial incubation mixture contain-
ing LDL and DC, no change in LDL pattern was observed, most
likely because HDL competed with LDL for the PL provided by

the DC.

Addition of albumin following incubation of a mixture
of LDL and discoidal complexes, and resumption of incubation
for another 6h, resulted in an increase, instead of a
decrease (as seen in the presence of HDL), in the APD values
of LDL components (Fig 41, lane 4). Also, transformation of
the 1intial bimodal pattern to a single peak pattern was
observed. This was consistent with our previous observation

(e.g., see Table 13), in which albumin (initially present in
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Fig 41. Reversal of changes in particle size distribution
(2-16% gel) of discoidal complex-exposed LDL induced by HDL
(with or without albumin). Lane 1, nonincubated LDL (sub-
ject DR); lane 2, LDL incubated (6h) with discoidal com-
plexes; lane 3, LDL was first incubated (6h) with discoidal
complexes, followed by addition of HDL and a second incuba-
tion (6h); lane 4, LDL incubated (6h) with discoidal com-
plexes and albumin; lane 5, same as lane 3 except that both
HDL and albumin were added prior to the second incubation;
lane 6, LDL incubated (6h) with discoidal complexes and HDL;
lane 7, sahe as lane 6 except that albumin was also added.

For apparent particle diameters of each component, see text.

196



157

12 3456 7

Top

}Class Il products

LDL

XBB 848-6386A



the incubation mixture of LDL and DC) facilitated transfor-
mation of LDL pattern to one with a single component with

larger APD values.

Thus, the APD increase in LDL, induced during interac-
tion of DC with LDL, could be reversed by HDL. Interest-
ingly, albumin, which facilitated PL transfer from DC to LDL
and induced further LDL APD increase, appeared to facilitate
PL transfer from discoidal complexes to HDL instead of to

LDL, when HDL was present in the incubation mixture.
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7. Summary of Studies Using Discoidal Complexes and LDL

in the Presence of Plasma Components

Incubation studies with discoidal complexes proved
valgable in elucidéting the nature of LDL interaction with
sources of PL and its modulation by plasma factors. Of the
PCV-induced effects (Effects I, II, III, aggregate forma-
tion), we focused primarily on Effect II because that was
the only effect observed with DC, and that was the effect in
which BF played a major and interesting ‘role. Thus, we
showed LDL APD increase by DC is comparable to that produced
by PCV. We showed this effect to be a result primarily of
PL uptake by LDL and minimal physical changes (e.g.,
hydrated density, peak S°f rate, or morphology). We showed
that APD change due to PL uptéke was associated»with changes

in apo ™ structure on the surface of intact LDL.

In both the PCV and the DC incubation systems, BF
enhanced LDL APD increase, primarily due to enhanced PL
uptake by LDL. ' Albumin .alone could simulate the effect of
BF in both cases. Finally, in the presence of a PL acceptor
(HDL) , albumin enabled reversal.of LDL APD change back to

the original particle size.

Our studies established that PL, found as a surface
component in lipoproteins, c¢an bé taken up by LDL from
external sources (e.g. PCV or DC) with an increase in APD
value (class I products) and formation of class II products.
Other workers have shown (93) that LDL can take up other

surface~-reactive agents (e.qg. detergents like sodium
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deoxycholate). At appropriate concentrations that do not
disrupt LDL structure, uptake'of sodium deoxycholate by LDL
also induces an increase in apparent particle size. Another
surface-reactive agent 1is lysophosphatidylcholine (LPC).
LPC is a surface component of lipoproteins which is metabol-
ically released, similar to PC, during lipolysis of the TG-
rich lipoproteins (94) and LCAT activity (95). Although it
is thought that the LPC released dufing lipolysis is removed
by albumin (96), other studies (97).have indicated that LDIL
also has a high affinity for LPC. We were interested in
evaluating possible changes in LbL APD value upon interac-

tion with another surface-active agent, namely LPC.
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F. Interaction of LDL with Lysolecithin: Effect .on the

Apparent Particle Size Distribution of LDL

To investigate the GGE properties of LDL following
interaction with LPC, LDL (subject EB; 0.6 mg/ml protein)
was incubated (37°C, 6h) with egg yolk lysolecithin (0.5-3.9
mM* in Tris buffer) and the total incubation mixture was
directly applied to the gel. The nonincubated LDL pattern
éhowed a small, major peak (245A; Fig 42, 1lane 1). With
increasing added LPC levels} a progressive increase in LDL
APD value (0.5 mM LPC, 253A Fig 42, lane 2; 1.5 mM LPC,
270A, Fig 42, lane 3) was observed. In addition, minor com-
ponents (298-339A) within the size range of <¢lass II pro-
ducts were produced. At a LPC-PL/LDL-PL molar ratio (1.85)
within the range of PCV-PL/LDL-PL molar ratio (0.7-3) used
in PCV incubation studies, a comparable APD inc:ease was
noticed with either of the agents (about 15-17A). This
observation suggests that a common mechanism may be involved
in producing alterations in LDL GGE distribution, i.e.
uptake of a surface-reactive agent. At higher LPL levels
(3.9 mM), LDL was.coméletely transformed to species within
class II product range (303A; Fig 42, lane 4). 1In contrast,
at similar PCV molar concentrations in the incubation mix-
tures containing LDL, PCV, and BF, marked aggregation of LDL

with PCV occurred.

*The concentration of LPC was in the range of three to
eight times the concentration of LPC normally found in
plasma (240 aM (98)).
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Fig 42. Effect of incubationrof LDL with lysolecithin (LPC)
on the'particle size distribution of LDL. Lane 1}_nonincu—
bated LDL. Lanes 2 and 5, 0.5 mM LPC; lanes.3 and 6, 1.5 mM
LPC; ianes 4 and 7, 3.9 mM LPC. Lanes 2-4 contained only
LDL and LPC; lanes 5-7 contained LDL, LPC, and plasma.d>l.20

g/ml fraction.
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We expected that the addition of "F or albumin, which
would likely complete with LDL for LPC uptake, might attenu-
ate both LPC uptake and APD increase. In fact, addition of
BF as a source of albumin to incubation mixtures of LDL and
LPC (0.5-3.9 mM) did indeed attenuate the increase in APD
value of LDL (Fig 42, lanes 5-7)). At 1.5 mM LPL, a bimodal
LDL pattern (peak APD values, 258A and 264A; Fig 42, lane 6)
was seen, similar to that observed during incubation of
whole plasma with PCV (i.e. during Effect III). More stu-
dies are needed to show if such observations can be repeated
and if the comparable sequence of bimodal. to single-peak
pattern transformation characteristic of Effect III would be
observed using LPC and BF (instead of PCV HDL, and BF).
The LPC esterifying activity of LCAT (designated LAT
activity or lysolecithin acyltransferase activity), which is
activated solely by LDL (99), may play a role in producing E

III during incubation of LDL, LPC, and BF. It 1is possible

that the two components within the bimodal LDL pattern

represent differential interaction of LDL with LPC during

LAT activity.

In summary, the similarity of action of LPC to that of
DC or PCV is striking and studies on LPC interaction appear
promising in providing insight into the transformation

processes involved.
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V. Discussion

Lipolysis of the triglyceride-rich lipoproteins within
the plasma milieu results in the production of polydisperse
species of particles within LDL density range. The contri-
bution of plasma factors (e.g. HDL, lipid transfer proteins,
lecithin:cholesterol acyltransferase (LCAT), albumin) in the
origins of LDL polydispersity is not well-established. Stu-
dies on the origins of LDL subpopulations have generally
been directedv to examination of the "cqre>pathway", mainly
interconversion from larger, less dense to smaller, more
dense species via lipolysis and remodelling of core composi-
tion (59). Recent studies indicate that other factors .in
plasma may modulate LDL structure. One suéh factor is phos-
pholipid (PL) which is transiently released during lipolysis
of TG-rich 1lipoproteins 1is in the form of vesicles and/or
discoidal complexes of phospholipid and apoproteins.
Although HDL has been shown to interact with PL and to be a
major acceptor for such PL (66,67), the interaction of PL
with LDL and its effect on LDL polydispersity have been lit-

tle studied. 1In the case of HDL, in vivo (65) and in vitro

(66,67) uptake of PL results in HDL transformations to
larger, less dense species. Plasma .phospholipid transfer
protein facilitétes PL uptake by HDL and transformation to
larger, less dense species in vitro. Apo AI, released from
HDL during such interaction, becomes associated with the PL
and forms discoidal complexes. These complexes can be

rapidly converted to core-containing spherical HDL species
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via LCAT activity (20). 1In addition to PL, other surface-
reactive components such as lysolecithin and unesterified
fatty acids are released .into plasma during 1lipolysis.
Plaéma albumin binds to and modulates the plasma level of
such sufface-reative agents. In this thesis, we investigate
the influence of lipolysis-related surface~-reactive
moleculeé and relevant plasma components  (phospholipid,
lysolecithin, HDL, lecithin:cholesterol acyltransferase,

lipid transfer proteins, albumin) on LDL polydispersity.

A. Interaction of LDL with Phospholipid Vesicles

Incubation of LDL from normolipidemic and a mildly
hypertriglyceridemic subject " with vesicles alone (for 6h)
produced no change in LDL apparent particle diameter (APD).
LDL from a severely hypertriglyceridemic subject (plasma
triglyceride level greater than 1000 mg/dl) showed a slight
increase in APD under the same conditions. Large (>400 nm)
aggregates of LDL and PCV were formed when LDL from all sub-
jects' were 1incubated withA vesicles. This was not due to
oxidative degradation of LDL protein or lipids, as indicated

by similarity of gradient gel electrophoretic results when
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incubation was carried out either in the presence or absence .

of a sulfhydryl reducing agent (glutathione). GGE results
were also similar in the presence or absence of an inhibitor
of plasma proteases (phenymethylsulfonyl fluoride). The
structural and/or conformational integrity of apo B appeared

important for aggregate formation, since proteolytic



cleavage of apo B by trypsin prior-to interaction with vesi-
cles prevented aggregation of LDL and vesicles (see Appendix
B and ref 67). Aggregation»with vesicles was specific for
apo B-containing lipoprbteins (vLpL, IDL, LDL, Lp(a)). Stu-
dies on the mechanism of LDL-vesicle aggregation have been

reported previously by us (87).

B. Interaction of LDL with Vesicles and Plasma Components

Short term (6h) incubation of LDL (from normolipidemic
and mildly hypertriglyceridemic subjects) with vesicles
alone did not result in any change in LDL APD. Addition of
the plasma d>1.20 g/ml fraction induced an increase in APD
value of LDL. This was designated Effect II. Facilitation
of APD increase by plasma 4>1.20 g/ml fraction was observed
for both the large (262—268A), and small (229-243a), major
LDL components, although the extent of APD increase was
greater in the small. The greater interactive capability
with vesicles of the small LDL species (particularly those
from hypertriglyceridemic individuals), compared with the
large LDL species,‘may reflect differences in (1) core com-~
position (i.e., triglyceride enrichment of the small LDL)
and/or (2) apoprqtein properties. By use of specific anti-
bodies, differences in apoprotein epitope éxpression in LDL
with 1low cholesterol ester/protein (hence smaller particle

size) have been observed.T

TKrauss, R.M. and Marcel, I., personal communication.
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Although aggregation of LDL with vesicles still
occurred in the presence of plasma d>1.20 g/ml fraction, it
was attenuated (about 40% less decrease in area under LDL
pattern ‘at each PL level) relative to that in the absence of
plasma d>1.20 g/ml fraction. The ability of plasma d>1.20

g/ml fraction to take up PL has been reported (100).

Incubation of LDL, vesicles, and plasma d>1.20 g/ml
fraction in the presence of an LCAT inhibitor did not alter
the course of APD increase. This was not surprising in view
of the fact that LCAT has both a low binding affinity and a

low enzyme activity towards LDL (101,102) or vesicles.

Of the different components present in plasma d>1.20
g/ml bfraction, albumin alone produced an effect similar to
that of plasma d>1.20 g/ml fraction on LDL APD values (when
LDL, vesicles, and albumin were incubated for 6h). This
relates to the presence in albumin of hydrophobic domains
that can accomodate lipid components such as PC and facili-

tate their transfer/exchange to acceptors such as LDL.

In contrast to the effect of albumin, phospholipid
transfer protein did not produce an APD increase when added
to incubation mixtures of LDL and vesicles. This was
surprising 1in view of the fact that plasma phospholipid
transfer protein facilitates both PC uptake by HDL (from
vesicles) and HDL particle size interconversion (100). It
is possible that phospholipid transfer protein is more reac-
tive towards HDL than LDL. Previous studies have shown that

rlasma phospholipid transfer protein can promote PL uptake



by LDL from vesicles of dimeristylphosphatidylcholine (103).
It is possible, however, that some of the apparent PL uptake
may represent aggregates of LDL with vesicles rather than

actual incorporation of PL by LDL.

C. Interaction of LDL with Vesicles in the Presence of

Plasma d>1.20 g/ml Fraction and HDL

The presence of HDL in incﬁbation mixtures containing
LDL, vesicles, and plésma d>1.20 g/ml fraction considerably
attenuated APD increase (i.e., Effect II) and aggregate for-
mation. Attenuation of APD change was proportional to HDL
concentratiqn such that at 0, 0.5, and 1.0 mg/ml HDL protein
concentration, the APD increase (in the PC range of.0,4—l.2
‘'mg/ml) was 17-34A (mean, 21A), 7-30A (mean, 18A), and 3-21A
(mean, 12A), respectively. Since such attenuation was asso-
ciated with an increase in HDL particle size the data indi-

cated a competition between HDL and LDL for PC.

During Effect II (in the presence or absence of HDL),
larger (290-412A) but minor .components (designated class II
products) also appeared, in addition to components (desdig-
nated class I products) which remained within the usual LDL
particle size range (218-278A). Class II products appeared
to be association complexes of LDL particles. Apo B of LDL
was important in their formation, since trypsinized LDL did
not form <class II products, and conversely, trypsinization
of class II products released LDL species. Class II pro-

ducts were produced not only in the presence of PL, but upon
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exposure of LDL.to surface-reactive agents 1like 1lysolec-
ithin, and to promoters of apo B conformational change like
guanidine hydrochloride (see Appendix C). Recently, com-
ponents within class 1II size and density range have been
identified in media of hepatic tumor (Hep-G2) cell cultures,
and their formation has been associated with intermolecular
disulfide binding of apo B (personal communication, R.

Thrift).

In addition to Effect II, incubation of LDL, HDL, and
the plasma d>1.20 g/ml fraction with vesicles above a cer-
tain concentfation can lead to major changes in the LDL pat-
tern (designated Effect III). During Effect III, a shoulder
appears on the larger APD side pf the major LDL component;
then the LDL profile converts to a bimodal, and. subsequently
a single-peak pattern. The mechanism of Effect III is unk-
nown. We showed that the presence of HDL (but not the
plasma.d>l.20 g/ml fraction) was required to produce the
bimodal pattern and speculated that Effect III may be a
result of LDL interaction with products of HDL interaction
with PC. HDL can interact with vesicles to 'produce
tdiscoidal complexes of apo AI and PC (66,67). It is possible
tha: the two components within the bimodal pattern represent
products of interaction of (1) LDL with vesicles and plasma
d>1.20 g/ml fraction, and (2) LDL with discoidal complexes

and plasma d>1.20 g/ml fraction.

An important feature of Effect III was the apparent

participation of apo B 1in the production of the bimodal
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pattern. When trypsinized LDL were incubated with HDL,
d>1.20 g/ml fraction, and vesicles, a bimodal pattern was
not produced. Instead, the APD value of trypsinized LDL
increased up to that of the smaller component of the bimodal
pattern produced by native LDL (see Fig 46, Appendix B).

Conversely, trypsinization of native LDL undergoing Effect

III resulted in the elimination of the larger component,

within the bimodal pattern . (data not shown). In view of
these findings, we speculate that the smaller component of
the bimodal. pattern may be a precursor to the larger one.
Since the APD differential between the smaller and the
larger components within the bimdal pattern is about 7-10a,
the latter cannot be an association complex of LDL with
either vesicles or apo AI-PC discoidal complexes,* but may
be an LDL particle with altered (i.e., swollen) apoprotein

confiquration. Preliminary studies showed decreased expo-

sure of apo B to proteolytic attack during Effect III (not
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shown). Other studies on apo B propeties, as well as LDL

composition, during Effect III may be useful in elucidating
the nature of bimodal pattern formation, and bimodal to

single-peak pattern transformation.

*A 1:1 complex of LDL (245A) and vesicles (250A) is ex-
pected to have an APD value of about 310A; a 1l:1 com-
plex of LDL (245A) and discoidal complexes (90A) is ex-
pected to have an APD value within the range of 276A
(if the complex migrates as a fusion product) to 335A
(if the complex migrates as a binary complex). These
APD values are larger than that reached during Effect
III.



Finally, our reconstitution experiments established
that vesicle~-induced changes in LDL GGE pattern were similar
to those observed during incubation of whole plasma with
vesicles. Although the <changes were consistent with PL
uptake as well as with alterations in apo B confbrmation, we
could not characterize the properties of LDL undergoing
Effects II and 1III, because of difficulties 1in product
‘separation from vesicles and LDL-vesicle aggregates in

reconstitution mixtures of whole plasma.

D. Interaction of LDL with Discoidal Complexes

While little or no change in APD value occurred during
incubation of LDL with vesicles, an incfease in LDL APD
‘vlaue was observed during exposure of LDL to discoidal com-
plexes (for 6h). This increase was similar to that observed
during Effect II in interaction mixtures of LDL, vesicles,
and d4>1.20 g/ml fraction. 1In both cases (1) an APD increase
occurred in both the shall, and the 1large major LDL com-
ponents, but the extent of increae was greater with the
former; (2) the increases in APD value were not associated
with major changes in LDL hydrated density and S? rate; and
(3) minor componentg larger than LDL (class II components)
were formed. No Effect III and no aggregétes containing LDL

and discoidal complexes were observed, in contrast to the

results obtained using vesicles.

Unique to the interaction between LDL and apo AI-PC

discoidal complexes was the transformation of an initial
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multicomponent LDL patterns to a single-peak pattern (at
24h) with LDL attaining a limiting APD value. The limiting
APD'value was smaller for the initially smaller species,
possibly due to 1limitations 1in core expandibility. Some
class II products were observed in interaction mixtures of

LDL and discoidal complexes.

Chemical analysis of class I products isolated from
incubation mixtures comprised of LDL and discoidal com-
Plexes, showed PL uptake and loss of unesterified
cholesterol by LDL. The extent of APD increase (30A, 12a,
10aA, 0-2A, using LDL‘from different individuals) was propor-
tional. to the extent of PL uptake by LDL (increase in
PL/protein weight ratio, 40%, 30%, 13%, 7%, respectively).
The extent of depletion in unesterified cholesterol (33-39%)
from LDL did not chénge with increasing APD value. No other
compositional changes occurred, strongly suggesting that PL

uptake was the main determinant of LDL APD increase.

Our studies showed that an increase in APD was closely
associated with an increase in LDL PL content. An earlier
report (87) describing LDL interaction with vesicles "alone
noted no change in APD value during an aparent increase in
PL content of 31%. It 1is likély that the apparent PL
increase in LDL may have been due to céntamination of LDL
fractions with complexes of LDL and vesicles and not actual
incorporation of PL into LDL. In another study (104) which
have reported uptake of PL (bound covalently to nucleosides)

by LDL, the properties of LDL were not examined. By small
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angle neutron scattering,_a 5A increase in LDL size was
noted in éssociation with PL uptake from sonicated complexes
of apo AI and PC (105). 1In a study investigating interac-
tion of surface-reactive agents with LDL (93), uptake of
about 250 molecules of sodium deoxycholate by LDL was asso-

ciated with about 27A increase in LDL apparent size, using
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scanning molecular sieve chromatography. In our incubation

studies using apo AI-PC discoidal complexes, maximal PL
uptake by a small LDL species corresponded to an increase of
about 230 PL molecules per LDL particle and was associated

with an APD increase of about 30A.

The mechanism of APD change induced by uptake of
surface-reactive agents is unknown. Based on calculations of
the increase in LDL surface area (assuming a spherical par-
ticle) produced by uptake of 230 PL molecules (molecular
area, 68A2), an increase of about 12A in diameter would be
éxpected, i.e., about 20A less than actually observed by GGE
or electron microscopy. Since no major shape changes were
observed by electron microscopy, we conclude that the struc-
tural changes in LDL, associated with PL uptake and an
increase in APD value, were more complex than those predict-
able by the simple model of Shen et al (2). The Shen model
does not take into account possible chaﬁges.in LDL apopro-
tein configuration, or the disposition of PL head groups
that may 1influence the effective LDL size. The additional
PL taken up by LDL may promote protrusions of apo B and

perhaps PL ahove the LDL surface that are not detectable by
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electron microscopy, but which can affect LDL APD. In fact,
a change in LDL surface organization was implied from our
observation of a decreased susceétibility of apo B to pro-
teolytic attack, using eithef apo AI-PC discoidal complexes,
or d>1.20 g/ml fraction plus high 1levels of vesicles.
Decreased susceptibility may have resulted from shielding of
lysine and arginine residues of apo‘B by PL, and/or a con-
formational <c¢hange in apo B. 'Although circular dichroic
spectroscopy (data not shown) did not reveal any significant
change in apo B conformation folloﬁing maximal (40% increase
in PL/protein weight ratio) PL uptake, this technique may
~not be sufficiently sensitive to subtle changes in apo B
conformation as enzymatic recognition of specific amino
acids. Another sensitive .technique for assessing altera-
tions in LDL protein conformation following PL uptake by LDL
might be one utilizing the binding properties of monoclonal
anti-apo B antibodies that recognize different apo B
domains. Such studies would be helpful in elucidating the

mechanism of PL-induced increase in LDL APD.

Alterations in LDL APD value were associated with PL
uptake by LDL and loss of unesterified cholesterol from LDL.
This lead to a drop in unesterified cholesterol/PL molar
ratio of about 50%. Such a chemical altefation would result
in changes in LDL surface fluidity and could probably alter
protein-protein and/or protein-PL interaction at the LDL
surface and lead to altered apo B conformation. A change in

surface chemistry mav also alter interactions between the
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core lipids and surface components. Such alterations might
produce core expansion (during PL-induced APD increase)

without addition of any core components.

E. Interaction of LDL with Discoidal Complexes and Plasma

Components

During incubation of LDL with only discoidal complexes,
PL., uptake by LDL and subsequent APD increase was noted. In
the vesicle incubation system, the presence of plasma d4>1.20
g/ml fraction was necessary to produce APD increase. Apo AI
in the.discoidal complexes presumably behaves as a facilita-
tion factor. Although some residual apo AI is usually found
in plasma d4>1.20 g/ml fraction preparations, it apparently
does not promote APD increase when LDL, vesicles, and plasma

d>1.20 g/ml fraction are incubated.

The factors in plasma d>1.20 g/ml fraction responsible
for vesicle-induced changes in LDL APD also promoted addi-
tional LDL APD increase when PL was provided by discoidal
complexes. In both cases albumin could promote LDL APD
increase, whereas phospholipid transfer protein could not.
Albumin facilitated a greater extent of LDL APD increase
(during incubation of LDL, discoidal complexes, and albumin)
an enhanced PL uptake and a lower léss of unesterified
cholesterol by LDL, compared to changes in these parameters
occuring during incubation of LDL and discoidal complexes
alone. Once again, our data point to the importance of sur-

face 1lipid components (mainly PL) in determining LDL APD
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value.

Changes in LDL properties were associated with
transformation of discoidal complexes from discoidal to
spherical species (with an LCAT inhibitor iﬁ plasma d>1.20
g/ml fraction) or to core-containing HDLZa-like species
{without an LCAT inhibitor). During such transformations,
LDL were the donor of unesterified cholesterol to discoidal

complexes and the acceptors of PC from discoidal complexes.

F. Interaction of LDL with Discoidal Complexes in the Pres-

ence of Plasma d4>1.20 g/ml Fraction and HDL

Addition of HDL to incubation mixtures of LDL and
discoidal complexes produced a reversal of the LDL APD
incréase. This reversal was complete (i.e., LDL APD values
completely reversed back to those of the original LDL) whén
albumin was added with the HDL. These studies provided
insight into the disposition of PC between LDL and HDL, and
the role of factors in plsma d4>1.20 g/ml fraction, such as
albumin. Albumin apparently facilitates transfer of the PL
of discoidal complexes to HDL, instead of to LDL. Although
some studies (92) have shown that more than 95% of the LDL
PL head groups were hydrolysable by phospholipase Ays elec-
tron paramagnetic resonance (106) and 31P-nuclear magnetic
resonance (107) studies have indicated that 1/5th of LDL PL
content is immobilized in LDL (presumably tightly bound to

apoprotein), suggesting the existence of a close interaction

between apo B and surface PL. Our demonstrations of the
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reversibility of APD increase by HDL suggests that PL taken
up by LDL is availabie for exchange or removal. It is most
intriguing to examine whether, like APD, apo B susceptibil-
ity to trypsin attack is also reversible following incuba-

tion of PL-enriched LDL with HDL.

G. Interaction of LDL with Lysolecithin

Incubation of LDL with increasing levels of egg yolk>

lysolecithin (0.5-3.9 mM),' much greater than its critical
micelle concentratién 0.02-0.2x10"4 M (108)) produced an
increase in APD value of about 8-53A. This range of
lysolecithin was about 3-8 times higher than levels usually

4 M (98)) and about 1-10

present in total plasma (2.4x10"
‘times greater than levels'produced following 1lipolysis of
triglyceride-rich lipoproteins.* 'The APD increase (about
25AY at a 1lysolecithin-PL/LDL-PL molar ratio of 1.85 was
comparable to that (about 17A) at a discoidal complexes-—
PL/LDL-PL molar ratio of 1.33, suggesting a commdn mechan-
ism, between the two systems, for APD increase (namely,
lipid uptake). We did not characterize the composition of
LDL fqllowing interaction with lysolecithin. Published stu-

dies (104) have shown that LDL have a high affinity for

iysoiecithin. Although as little as a few umoles

**Assuming a level of plasma very low density 1lipopro-
teins of about 300 mg/dl in response to a fat-free diet
and 35% hydrolysis of the very low density 1lipoprotein
PL by 1lipoprotein lipase during lipolysis, about 0.18
mg/ml lysolecithin is expected to be produced, using a
very low density lipoprotein PL content of 18%.
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lysolecithin (relative to about 104 cell membrane PL) are
disruptive to the bilayer structure of biological membranes
(109,110), another study (104) has indicated that LDL can
take up as much as 798 molecules lysolecithin per particle
and still appear intact within the density range of 1.019-
1.063 g/ml. The separation of the intact lysolecithin-
enriched LDL and the properties of such LDL were not exam-
ined in those studies. Assuming that LDL remains intact
upon uptake of 798 molecules of lysolecithin, an increase of
about 25A would be expected (molecular area of SOA2 (108)).
This increase fallé within the range of APD values that we
observed 1in our studies with lysolecithin. Further work is
needed to evaluate the extent of lysolecithin uptake by LDL
and the consequent changes in LDL siéé and/or shape. Since
lysolecithin has an inverted cone structure (111), it may
affect packing at the surface of LDL such that it may actu-
ally extrude apo B domains above thg LDL surface; 1lysolec-
ithin wuptake may give rise to a "swollen" LDL particle.
Changes in apo B and LDL structure during uptake of sodium

deoxycholate, an even smaller (molecular dimensions,

3.1x6.4A) surface-reactive agent, have been proposed (93).

H. Interaction of LDL with Lysolecithin and Plasma d>1.20

g/ml Fraction

Moke than 80% of lysolecithin produced during extensive
in vitro lipolysis (96) in plasma is found in plasma d>1.20

g/ml fraction, mainly associated with albumin. In our
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studies, competition between plasma 4 1.20 g/ml fraction and
LDL for lysolecithin was suggested by an attenuation of LDL
APD increase when plasma d>1.20 g/ml fraction was present in
the incubation mixture of LDL and 1lysolecithin. Such
attenuation was <clearly apparent at high lysolecithin-
PL/LDL;PL molar ratios (1.9 and 4.9) but not at a lower
molar ratio (0.6), suggesting that LDL was the primary
acceptor for lysolecithin at a level of 1lysolecithin which
was comparable to that calculated for post-meal conditions
(see previous Footnote). On a molar basis, LDL have an 8-
fold higher affinity for 1lysolecithin than albumin (97).
Hence, LDL could potentially be an important acceptor for

lysolecithin during slow lipolysis.

I. Biological Implications‘

1. Evidence for PL-Enriched, Large LDL In Vivo

Whether PL enrichment ‘of LDL associated with APD
increase occurs in vivo remans to be elucidated. The major
process which produces a flux of PL in plasma occurs during
lipolysis of the triglyceride~rich lipoproteins. The amount
of PL flux during lipolysis has not been quantitated and the
properties of LDL during both in vivo and in vitro lipolysis
have not been characterized. Intravenous injection of
radiolabelled chylomicrons into rats resulted in a marked
increase in PL mass, first in the LDL (about 3-=fold), then
in the HDL deﬁsity range (112). It is not certain how much

of this PL was actually incorporated into the 1lipoprotein
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particles themselves, since large (300-650A) flattened
vesicular structures with a double bilayer thickness (about
100A) appeared in both LDL and HDL density randes. Vesicu-
lar structures represented only 4% of the particles within
the LDL density range, suggesting that a substantial
increase in PL contént of the LDL might have occurred. No

other properties of these LDL were evaluated.

In one set of fat-feeding experimehts (one bolus of 100

g corn oil) with healthy subjects, major changes in HDL pro-

perties were found, but changes in LDL distribution were not.

assessed (65). In another fat feeding experiment (one bolus

*
of 100 gm safflower o0il) no major changes in the GGE pat-

tern of LDL were noted. 1In view of the changes in apo B

properties following PL uptake by LDL, alterations in reéep-

tor binding properties may occur which may lead to rapid in

vivo removal of PL-enriched LDL species. Tracer studies,
using radiolabelled LDL and a high level fat load, need to
be carried out to elucidate the possible transient appear-

ance of PL-enriched LDL in vivo.

Since HDL in plasma is a major accéptor of PL, the
LDL/HDL molar ratio may serve as an indicator of the extent
of PL uptake by LDL. Our GGE data show that a 50% drop in
LDL/HDL molar ratio is required for a 50-70% increase in the
extent of LDL APD increase. Thus, changes in LDL APD value

following fat loading would be expected only in individuals

*Krauss, R.M., personal communication.

221



with very low HDL levels In addition, since excess surface
components of lipolysis are LCAT substrates, the likelihood
of encountering large, PL-rich LDL would be greater in indi-

viduals with low LCAT activity.

Extremely low HDL levels (and subnormal LCAT activity)
are present 1in patients with apo AI-apo C III- deficiency
(19). Some HDL (containing apo A II) can be detected by GGE
and electron microscopy and about 12% of the particles
within the HDL density range are discoidal (113). Fat 1load-
ing (100g safflower o0il) did not produce a change (4h-8h
following fat load) in LDL APD value {(using GGE) in these
individuals, but an unexpected increase in Sg rate was
observed. The LDL invthese patients were large (260A) and,
as shown by our studies,the extent of APD change of a large
LDL is usually small upon interaction with vesicles or apo
AI-PC discoidal complexes. Although fat load experiments
did not show a change in LDL particle size, an extra com-
ponent, 300A in diameter, consistently appeared with a simi-
lar density and apoprotein moiety as LDL. It is tempting to
speculate that this component is a class II product formed

during LDL exposure to lipolysis-generated PL.

An intriguing finding in apo AI-CIII-deficiency is that
the LDL are much larger than expected from the normal
interrelationship found between LDL SOf rate and HDL levels

*
(42) . The appearance of a relatively large LDL in these

*In other wordé, a person with as low HDL level as that
found in the apo AI-C III-deficient patients would nor-
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patients suggests that LDL particle size in the sEeady state
may in part be determined by PL loading. Thus, PL interac-
tion with LDL may transiently give risé to PL—en;iched LDL
in plasma which in turn could have a higher capacity for
LCAT-related core CE enrichment. Support for this

hypothesis 1is provided by a report describing the transfer

of cholesterol esters from HDL to PL-enriched LDL during in

vivo 1lipolysis of intravenously infused rat chylomicrons
(112) . Work is needed to determine the capacity of PL-
enriched LDL to undergo  further remodeling of their core
structure. These studies may elucidate the physico-chemical
bases of characteristic LDL patterns found in individuals in

similar metabolic states (see Introduction section).

In familial LCAT deficiency, discoidal HDL strﬁctures
accumulate (20). The LDL are heterogeneous and enriched in
PL and UC, but the particle size ditribution is not well
characterized. . In a recent case of familial partial LCAT
deficiency in Japan (114), a 60-80% reduction 1in LCAT
activity was associated with the presence of discoidal HDL
particles and a heterogeneous (200-350a) .primarily PL-
enriched LDL species. The effect of fat loading on the LDL

in these individuals remains to be examined.

Tangier disease is a case of very low HDL level (115).
The LDL particles in these individuals have not been charac-

terized. It should be pointed out that fat feeding in

mally have a very small (<240A) LDL species.
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Tangier disease leads to the appearance (in electron micro-
graphs of HDL) of large (680A), flattened and translucent
vesicular structures (20). These components could interact

with LDL and lead to the formation of larger species.

Lipolytic activity due to intravenous heparin injection
produces large (400-1200A) vesicular structures in both the
LDL and the HDL density ranges (89) associated with a shift
in HDL to faster floating species. The physical propeties
of LDL during such studies have not been reported and might

show changes associated with PL uptake.
2. Role of Phospholipid and LCAT on LDL Polydispersity

Conéiderable particle size versus density polydisper-
sity 1is normally observed for LDL in plasma of human sub-
. jects. Our studies on incubation of whole plasma with .a
range of vesicle concentrations (0.2-1.8 mg/ml PC), indi-
cated little change in LDL dénsity (0.002-0.004 g/ml) for a

major increase in APD (5-40A). PL enrichment could be a
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basis for such size versus density heterogeneity. During .

incubation of plasma alone, small, minor species (240-250A)
are found with density comparable to the larger, major com-
ponent. This alteration requires LCAT activity and may con-
tribute to polydispersity observed in human plasma. LCAT-
induced formation of small, minor LDL species observed dur-
ing whole plasma incubation may contribute to the origins of
the LDL distributioh found in patients with familial hyper-
cholesterolemia (116). These patients have variable plasma

lipid phenotypes and  are highly prone to atherosclerosis.



They also have cholesterol ester-poor LDL of 252+2 A parti-

cle size with a hydrated density of 1.036 g/ml (117). 1In

vitro incubation of whole plasma from normolipidemic sub-
jécts (éur present work) can produce small, minor species
with similar size and density as that found in patients with
familial hypercholesterolemia. Since ultracentrifugal tech-
niques could not separate these minor components from the
N
major, larger species, we did not define their chemical com-
position. With the use of other fractionation techniques,
such as gel filtration, it should be possible to character-

ize their properties and gain further insight into the

mechanism of their formation.

The role of LCAT activity in producing changes in LDL

properties (mainly decrease in APD value) was revealed not
only during plasma incubation but during interaction of the
reconstituped mixture of LDL, discoidal complexes, and
plasma d>1.20 g/ml fraction (without an LCAT inhibitor).
Recent findings (132) show direct LDL-LCAT interaction that
can result in direct incorporation of cholesterol ester into
LDL, bypassing transfer of cholesterol ester from HDL to LDL
via lipid transfer proteins. Although this is a minor path-
way accounting for only 5% increase in CE content of LDL,
the possible contribution of direct LCAT-LbL interaction to
changes in LDL distribution during plasma incubation needs

to be assessed.

3. In Vivo Interconversions Among LDL Subpopulations:

"Surface Pathway" versus "Core pathway"”
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In vivo interconversion of radiolabelled less dense LDL
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‘to more dense species has been reported (63). Our in vitro

observation of interconversion of LDL to smaller, more dense
species during whole plasma incubation‘could provide a pos-
sible explanation for the above-mentioned in vivo observa-
tions. The in vivo more dense species exhibit a longer half
times in plasma (64). The observation indicating that the
in Vitro—produced LDL species show a lower binding affinity
to apo B-receptofs in fibroblasts (63), provides further
support for the hypothesis that LCAT activity in plasma may
contribute to LDL interconversion to smaller, more dense

species.

In vivo interconversion of LDL to less dense species,

on Athe other hand, may be initiated by PLrenrichment of the
LDL, followed by core enrichment of the PL-enriched LDL
species. In addition to the above-mentioned "surface path-
ways", "core pathways" may be operational in vivo. One such
process was suggested during long term (24h) incubation of
whole plasma wifh high triglyceride - levels. During such
incubation, LDL interconversion to larger species was noted,
presumably due to triglyceride enrichment of the LDL core

via lipid transfer proteins.

In summary, the lipoprotein subpopulétions appearing in
the LDL density range can undergo interconversionv to
smaller, or larger, species. Our findings provide insight
into the role of PL, HDL, triglycerides, and plasma factors,

such as albumin and LCAT, in modulating LDL propeties. Our



studies were

primarily directed at "surface pathways" and

complement the "core pathway" described by us and other

investigators

(59) .
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VI. Appendix

A. Effect of Whole Plasma Incubation on Particle Size Dis-

tribution of Lp(a)

The strong similarities that exist between the proper-
ties of LDL and Lp(a) (118-122) prompted us to investigate
the effects of plasma incubation on these two 1lipoprotein
classes. Apo .B is the major apoprotein component in both
lipoproteins, although the presence of anlantigenically dis-

tinct protein (designated protein (a)) in Lp(a) differen-

tiates Lp(a) from LDL (119). Both LDL and Lp(a) have the‘

same 1lipid composition (119) and core phase transition pro-
perties (120). We previously reported (87) similarities
between Lp(a) and LDL in their interaction with PCrveéicles.
Others (l21) have shown similarities between Lp(a) and LDL
in binding to apo B receptors on fibroblasts. Lp(a) is
larger (>290A) than LDL, yet is moré dense (found mainly in
the 4 1.055-1.19 g/ml plasma fraction). Another way of dis-
tinguishing Lp(a) is by its higher content of carbohydrates
in the protein moiety (119). This leads to pre-beta mobil-
ity of Lp(a) on agarose gel electrophoresis. Since VLDL also
has pre-beta mobility, the presence of lipoproteins with
pre-beta mobility but with density greater than that of VLDL
(d 1.006) is indicative of presence‘of Lp(a). This explains
the designation "sinking pre-beta" which has also been

assigned to Lp(a) (122).
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Plasma from subject GH (diameter of major LDL com-

ponent, 258A, minor component, 247A; Fig 43A) was used for

incubation studies. Both the presence of a component beyond
LDL size range (290A) within the 4 1.055-1.19 g/ml plasma
fraction (Fig 43B) and the detection of arcs of partial
identity between LDL and the d 1.055-1.19 g/ml plasma frac-
tion during radial immunodiffusion (Fig 44), were indicative
of the presence of Lp(a) in GH's plasma. Incubation (37OC,

6h) of GH's plasma produced a decrease in particle size of

Lp(a) species (nonincubated: 290A, Fig 45, lane 3; incubated

(6h): 286A, Fig 45, lane 4). This was associated with a
decrease in particle size of LDL (nonincubated LDL: 258A,
247A; Fig 43, lane 1l; incubated (6h) LDL: 251A, 239A; Fig

43, lane 2) and formation of a smaller minor species (235A).

Our observation suggests another possibly "functional" simi- -

larity between LDL and Lp(a). In Results, section B, we
showed that similar changes in LDL pattern . following whole
plasma incubation were dependent on the presence of LCAT
activity in plasma. The effect of LCAT activity on Lp(a)
has not been studied; our plasma incubation studies suggest
possible utilization of Lp(a) surface components by' plasma

LCAT, leading to a decrease in Lp(a) particle size.
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Fig 43. Particle size distributions (2-16% gel) of LDL
(plasma 4 1.019-1.055 g/ml fraction; subject GH) and Lp(a)

(plasma 4 1.055-1.19 g/ml fraction).
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Fig 44. Assay of plasma fractions for Lp(a) by radial immu-
nodiffusion against anti-Lp(a) antiserum. Wells 1 and 4, 10
nl Lp(a)-rich fraction (plasma 4 1.055-1.19 g/ml fraction),
wells 2 and .- 6, 10 pl LDL (4 1.019-1.055 g/ml fraction; 6
Co), wells 3 and 5, not part of this experiment, middle
well, anti-Lp(a) antiserum obtained from intramuscular
injection of rabbits with an Lp(a)-rich fraction (obtained

by gel filtration of plasma d 1.055-1.19 g/ml fraction).
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Fig 45. Particle size distribution (2-16% gel) of LDL

(plasma d 1.019-1.055 g/ml fraction) and Lp(a) (plasma d

1.055-1.19 g/ml fraction) from nonincubated (lanes 1 and 3,

respectively) and incubated (37OC, 6h; 1lanes 2 and 4,

respectively) plasma (subject GH).
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B. Interaction of Trypsin-Treated LDL with Phosphatidylcho-

line Vesicles

In Results, section D5, we showed that with the major
increase in LDL APD (upon PL uptake) there occurs some
alteration in the accessibility of apo B to trypsin diges-
tion. Such alteration suggests the possibility of change in
apo B organization which might contribute to APD change. To
gain further insight into the role of apo B in influencing
LDL APD, the properties of LDL, modified in its apo B by
trypsin, and the interaction of such modified LDL (desig-

nated as T-LDL) with PCV were studied.

It has been shown (59,123) that ¢trypsin-treatment of
LDL removes at most 20-25% of LDL-protein without change in
lipid composition. We found that T-LDL had an APD value
which was about 5-10A smaller than untreated LDL (e.g., sub-
ject BG: noninc LDL, 262A, T-LDL, 252A; Fig 46). Both the
T-LDL and native LDL (N-LDL) showed similar rates of GGE
electrophoretic mobility (between 24h and 36h electro-
phoresis time; see Fig 5, Results, section Al). Thus, GGE
measurements should provide meaningful APD values for T-LDL.
By EM (not shown), T-LDL appeared as widely-dispersed parti-
cles that never associated closely, in contrast to the
tight-packing or even clumping and chaining often observed
in N-LDL. Such spreading of T-LDL under the conditions of
negative staining may be due to their increased negative
charge (following loss of most arginine and 1lysine resi-

dues), as indicated both by our agarose gel electrophoresis
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Fig 46. Effect of trypsin pretreatment of LDL (T-LDL) on
interaction with PC vesicles. Native LDL (N-LDL, subject
BG, approximately 0.6 mg/ml protein) and T-LDL (see Methods,
section J for conditions of preparation) were incubated (6h)
with PC vesicles (range, 2.5-4 mg/ml PC), HDL (approximately
1 mg/ml protein) and BF (1l Co). Inset: gradient gel elec-
trophoresis of incubation mixtures using either N-LDL (odd-
numbered 1lanes) or T-LDL (even-numbered lanes). Lanes 1-2,
2.5 mg/ml PC; lanes 3-4, 3.0 mg/ml PC; lanes 5-6, 3.5 mg/ml

PC; lanes 7-8, 4.0 mg/ml PC.

237



238

od 1w/Bw oy X
Jd |w/Bbw g'g ﬁ%

od 1w/bw o' {3

o~
od lw/bw gz { °

| = |
&) [a)
- =
b —
*—z——e -
o——1——9
o—4—9 -
L
\
/ // ]
\ \
\ \
\ \
\ \ .
\ \
\ \
\ \
\ \
L L 1 V 1 31
o o
= 5 Q 4 3 3
N N N ~N N ~N

(v) adv 1a1

3.0 4.0
PC Conc (mg/ml)

2.0

1.0

XBB 849-6748



data (not shown) and by others (124).

To evaluate the interactive properties of LDL, modified
in its apoprotein, with PL, APD changes following interac-
tion of T-LDL with PCV, BF, and HDL were examined by GGE.
Incubation (37°C, 6h) of T-LDL, BF (1l Co), and HDL (approxi-
mately 1 mg/ml protein) with increasing PCV concentrations
(2.5-4.0 mg/ml PC) resulted 1in an increase in APD values
(Fig 46, empty circles). Under identical conditions), N-LDL
showed a similar APD change (Fig 46, solid circles). Since
T-LDL was about 10A smaller than N-LDL, the PCV-exposed T-
LDL, at all PC levels, remained about 10A smaller than the
PCV-exposed N-LDL, at the corresponding PC level. Thus,
trypsin attack does ﬁot interfere with processes leading to
Effect II despite loss of apoprotein integrity. In con-
trast, at PCV concentrations high enough to induce bimodal
LDL pattern transformations (Effect III) in N-LDL, T-LDL did
not show the expected bimodal pattern. For the same PCV
level, the APD value of T-LDL was only about 4A shaller than
the smaller component within the bimodal pattern of N-LDL,
indicating that it is the larger component within the bimo-
dal pattern which does not form with T-LDL. Using N-LDL,
protein staining materials appeared at APD values >319A all
the way to the top of the gel (Fig 46, insert, odd-numbered
lanes) which consisted of both class II products and aggre-
gated of LDL and PCV. 1In contrast, using T-LDL, no protein
staining material at APD values >319A was observed; only a

faint band appeared at about 309A (Fig 46, insert, even-
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numbered lanes). Thus, intactness and/or proper conforma-
tion of apo B appear 1important in processes leading to
aggregation of LDL with PCV, formation of class II products,
and appearance of a bimodal LDL, from an originally unimodal
pattern. In view of its high affinity for PL, apo B's role
in these three cases may come from bridging between LDL and

PL interfaces of another particle.
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C. Apparent Particle Size Distribution of Guanidine

Hydrochloride-Treated LDL

Two lines of evidence in this thesis suggested a role
for apo B in influencing APD values of LDL on GGE: (1)
modification of LDL apo B (e.g., by trypsin treatment) leads
to smaller APD values and altered reactivity with PCV, and
(2) modification of LDL APD upon exposure of LDL to PCV was
associated with alterations 1in apo B organization (e.g.,
trypsin accessibility). We thus evaluated possible changes
in LDL APD when apo B conformation was changed during expo-
sure to relatively mild denaturing conditions (e.g., guani-
dine hydrochloride, GnHCl) which do not disrupt the lipopro-
tein molecule (125). Separate incubation (37OC, 6h) . of
large (DJ and AP, not shown) and small (TI, Fig 47) major
LDL components with increasing GnHCl concentrations was car-
ried out and the total incubation mixture, still containing
the GnHCl, was applied directly to the gradient gel. A pro-
gressive increase in APD values of LDL components and a
decrease in the number of LDL components occurred with
increasing GnHCl concentrations (Table 14, top). At 2M
GnHC1l, species with APD values (371A, 351A, 305A) beyond the
normal particle size range of LDL also appeared in DJ's pat-
tern. These latter components had APD values similar to
class II products noted in the DC incubation system. 1In
addition, the area under all LDL peaks decreased at GnHCl
concentrations >4M, 1in conjunction with the appearance of

flocculent material in the sample. It should be noted that
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Fig 47. Effect of exposure of LDL to guanidine hydrochloride
(GnHC1l) on thé particle size distribution (2-16% gel) of
LDL. Incubation (37OC, 6h) mixtures contained LDL (0.1
mg/ml protein) in the presence of GnHC1l (0-6 M) in a total
volume of 1 ml. After incubation, samples were directly
applied to the gradient gel (2-16% gel). Lane 1, nonincu-
bated LDL; lane 2, LDL incubated with 1 M GnHCl; lane 3, LDL
incubated with 2 M GnHCl; lane 4, LDL incubated with 4 M
GnHCl; lane 5, LDL incubated with 6 M GnHCl. GnHC1l induced
changes in the apparent particle diameter of thyroglobulin,
when added to sample aliquots just prior to electrophoresis;
the thyroglobulin peak disappeared at or above 2 M GnHCl.
Some protein staining material appear at the top of the gel
when GnHCl concentrations were equal to or greater than 2M.
Lane 6 contains particle size calibration proteins: latex

beads (L), thyroglobulin (T) and apoferritin (A).
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Table 14 -Apparent particle diameter (APD, A) of LDL following treatment with guanidine

hydrochloride (GnHC1).

7 subject DJ subject AP subject TI
sample class I class II class I class I
treatment products products products products
noninc LDL 219:262,255,245 -— 260,253 242,226
inc (1M GnHC1; 269,257,245 -——-- 263,257 244,233
*%k

nondial )
inc (2M GnHC1; 269,260 391,351,305 265 244,233
nondial)
inc (4-6M GnHC1; | 281,273 335 268 244,233
nondial)
inc (1M GnHC1; 270,255,245 318,354,302 not done 245,231

*
dial )
inc (2M GnHCT; 271,257,245 392,380,358,308 nooom 248,238
dial)
inc (4-6M GnHC1; 272,260,248 390,380,358,311 oo 248,239
dial)

*
underlined values are APD of major LDL components.

**hondial, nondialysed LDL incubated (37°C, 6h) in GnHC1 was directly applied to
gradient gels (2-16%) for electrophoresis; dial, LDL incubated with GnHC1 was
dialysed against buffer B (see Methods, section B) and subsequently applied to gels.
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the denaturing effect of GnHC1l, associated with APD
increase, was also observed in the internal standard protein
(thyroglobulin). Denaturation occurred within the time it

took to mix and apply the samples for GGE (about 10 min).

To evaluate whether GnHCl-induced changes in LDL pro-
perties could be reversed by removal of the denaturant, GGE
patterns of GnHCl-treated LDL species, after extensive
dialysis‘to remove the GnHCl, were obtained. Instead of the
two major (270A, 262A) and twq minor (255A, 245a) componepts
of DJ's nonincubated LDL, one major and two minor components
were observed upon GnHCl1l treatment (Table 14, bottom).
Also, the APD value of the major component of DJ's LDL fol-
lowing removal of GnHCl (in range of 1M-4M), returned to
initial wvalues (272-268A). However, the increase in APD of
TI's initially small LDL component was not reversed by reﬁo-
val of GnHCl (Table 14, bottom). These data indicate that
GnHCl-induced change in LDL APD, "even after removal of
GnHCl, 1is reversible for large, major components of LDL but
not for the small, major components. In addition, even
after removal of GnHCl, components with APD values in the
range of class II products (DJ) were still present (Table
14, bottom). Since the increase in APD of initially small
LDL components, even after removal of GnHCl, correlates with
the GnHCl1 concentration present in the incubation mixture
prior to removal, exposure of LDL to conditions favorable to
conformational <change 1in its apoprotein moiety results in

alterations qualitatively similar to those induced by PL
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D. Lipoprotein Distribution in Patients with Cystic Fibrosis

1. Introduction

Cystic fibrosis (CF) 1is the most common congenital
disease among Caucasians transmitted via an autosomal reces-
sive inheritance (for reviews see ref 126,127). It affects
one in every 1000-2000 newborns and is usually lethal in
early childhood. Today, early diagnosis aﬁd comp;ehensive

therapy have increased the mean survival age to 20 years.

Carriers of the disease are clinically nonsymptomatic . and

3-5% of Causacian population is estimated to carry the CF
gene. The molecular basis of CF is still unknown, but it is
claggified under the category of exocrinopathy. The sweat
glands féil to reabsorb electroiytes leading to a salty
sweat. in the lung, the secretion of a viscous mucus causes
pulmonary obstruction and facilitates pulmonary infection.
Salivary secretions contain increased amounts of enzymes,
glycoproteins, and electrolytes. Obstruction of the pan-
creatic ducts.leads to diminished exocrine pancreatic secre-

tion. The liver, kidney, and genito-urinary tract' are also

involved.

The phenotypic expression of CF 1is complex. In few
individuals, no abnormality other than sweat electrolyte
imbalance is noticed. More than 95% of patients, however,
die of ©progressive pulmonaty dysfunction. Lipid malabsorp-
tion secondary to pancreatic lipase -deficiency occurs in

60-90% of <cases and generally results in negative energy
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balance, decreased essential fatty acids (128,129) and fat-

soluble vitamins (A, E, K) in plasma.

Lipids, essential fatty acids, and P—carotene, a pre-
cursor to vitamin A, all require lipoproteins for transport
from intestine to various tissues. Abnormal lipoptotein dis-
tributions would be expected in cases of fat malabsorption.
Earlier studies have reported low serum cholesterol in CF
(130). Recently, Vaughan et al (131) reéorted depressed apo
B, LDL, and HDL levels in plasma from children with CF, most
of which had pancreatic insufficiency. In- that study, a
more sSevere gastro-intestinal problem correlated with a more
depressed plasma LDL cdncentration, suggesting that LDL and
its apoprotein may be depressed secondary to fat, m;labsbrp-
tion.

In addition to their role in fat absorption and tran-
sport from the intestine to blood, lipoproteins also tran-
sport fatty acids to the lungs for production of surfactants
that are essential for reducing surface tension at the air-
fluid interface of alveoli. Abnbrmal lipoprotein concentra-
tion and/or composition may contribute to deterioration 6f
lung function by affecting membrane structure, fluidity, and
transport. In fact, Vaughan et al (131) reported that the
more severe the lung involvement, the lower the HDL, LDL,
and VLDL concentrations. Although deterioration of health
status of CF patients seemed to be reflected in low levels
of total plasma lipids, other lipoprotein abnormalities were

also found in CF. Despite 1low HDIL levels, HDL2a showed
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higher contribution to total HDL distribution, and posi-
tively correlated with the degree of gastro-intestinal

involvement.

To investigate further the above preliminary observa-
tions, we charactefized lipoprotein distributions in rela-
tion to lung and GI involvement in another CF population.
Older individuals with relatively mild conditions were

N
chosen, and lipoprotein levels, pqudispersity in particle

size, flotation properties, and apoprotein distribution were

examined.

2. Methods
a. Source of CF Plasma

Eight to ten ml plasma containing NazEDTA from outpa-
tient CF subjects at NIH and healthy volunteers were shipped
on ice (courtesy of Dr. V.S. Hubbard, Pediatric Metabolism
Division, NIH) at monthly intervals. The study followed the
Human Use Protocol of NIH (NIAMDO) and was approved by the
LBL and UCBVHuman Use Committees. At the time the studies
were carried out, diagnostic information on the subjects

(i.e. whether they had CF or not) was blinded.

Separation of various lipoprotein classes is described
in the Methods, section A of this thesis. Particle size
measurement using GGE (71), flotation properties using the
analytical ultracentrifuge (70), and apoprotein distribution

using SDS-PAGE (74) were carried out as previously
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discussed.
b. Radial Immunodiffusion

For measurment of Lp(a) concentrations by radial immu-
nodiffusion, samples were sent to Dr. Albers, University of
Washington, Seattle. Plasma concentrations of P2-
Glycoprotein-1l were measured by radial immunodiffusion using

the Boehringer B-2-glycoprotein-1 Measurement Kit.

3. Results and Discussion

a. Patient Data

Clinical information on six CF patients with pancreatic
insufficiency (CFPI+, age, 22i5)' and four CF‘ patients
without pancreatic insufficiency (CFPI-; age, 18+3) are
listed in- Table 15a and 15b. There was one female in each
group. Five healthy males were used as age-matched normal
(N) controls.(age, 23+7). For each patient a clinical score
was constructed at NIH so as to give 75% of the wéight to
the pulmonary manifestations and 25% to the nutritional
aspects of the disease. This test assesses a patient's past
and current clinical status.and provides a numerical predic-
tion of life expectancy. As expected, CFPI+ who were on
pancreatic enzyme replacement therapy had lower scores

(CFPI+, 74+3; CFPI-, 84+3). The CFPI+ patients also had

abnormal glucose tolerance tests.

b. Plasma Lipid and Lipoprotein Concentrations
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Table 15a -List of subjects (CFPI+) and their plasma lipid and

Tipoprotein concentrations (mg/dl).

subjects N
CF3  CF4 (9) CF6 CF1 CF15 CF7 mean (S.D.)

*dk

health score 50 70 75 80 80 88 73.8 (13)
age (years) 27 22 14 25 26 19 22 (5)
plasma 76~ 110 109 132 295 68 201 162 (66)
plasma CS* 95 94 107 32 97 161 98 (46)
VLOL (S 20-400) 4 83 4 109 70 280 91 (81)
LOL (S20-12) 106 115 145 156 172 197 148 (35) #

peak Sf rate 5.76 6.65 5.56 6.65 5.39 6.27 6.05 (0.55) #

HDL (F1 2

:1f-
2a
:r
3

%HDL
%HDL

0 0-9) 226 205 178 244 207 27 222 (33) # .

49.9 42.4 54.3 31.5 48.2 38.8 44.2 (11.4)
38.0 57.1 43.4 61.9 44.9 61.2 51.1 (10.2)

*CFPI+ cystic fibrosis patients with pancreatic insufficiency.
They were free-living subjects on regular diet who were on
pancreatic enzyme replacement therapy. Fecal fat levels ranged
from 14-37 g/day in these subjects. A1l subjects except CF7
showed an abnormal glucose tolerance test. CF3 and CF4 were
be1ng treated with antibiotics.

Hea]th scores were designated at NIH and ref1ected the degree
of gastro intestinal and pulmonary involvement.
h TG, triglyceride; CS, total cholesterol.

#Significantly (t-test two-tailed probability<0.05) different
from normal.

—fP1asma lipoprotein levels were ohtained by ultracentrifugation.

%HDL,_  and %HDL, are percentages of total HDL concentration.
Leve? g of HOL stubpopulations were determined by three component

analysis of total HDL (F1 20 0-9) according to Anderson et
al (132).

ﬂbS.D., standard deviation.
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Table 15b -List of subjects (CFPI-) and their plasma lipid and
lipoprotein concentrations (mg/dl).

subjects
CF12 CF8 (9) CF11 CF5 mean (S.D.)
health score 80 85 85 88 85 (3)
age (years) 16 22 13 16 18 (3)
plasma TG 74 63 . 116 34 72 (34)

" plasma CS 134 191 175 142 161 (27)
VLDL (S; 20-400) 34 85 78 0 49 (40) #
LOL (S; 0-12) 271 270 229 225 249 (25)
peak S% rate 6.79 6.69 6.79 7.43» 6.92 (0.34)
HDL (F?.ZOO-Q) 169 266 197 212 211 (40) #
%HDL2a | - 42.9 49.7 39.9 31.1 40.9 (7.7)
%HDL3 52.1 41.2 60.0 55.6 52.2 (8.0)

¥*

CFPI-, cystic fibrosis patients without
pancreatic insufficiency and fat malabsorp-
tion (fecal fat<7 g/day).
For explanation of symbols and abbreviations,
see legend to Table 15a.



Table 15¢ -List of subjects (normal controls) and their plasma

1ipid and Tipoprotein concentrations (mg/d1).

subjects -

N2 N9 N1I0 NI3 NT4 mean (S.D.)
health score -- -- -- -- -~ --
age (years) 35 20 20 19 19 23 (7)
plasma TG 196 80 126 59 72 101 (62)
plasma CS 149 140 145 185 181 152 (16)
VLDL (S; 20-400) 78 115 204 66 39 100 (64)
LDL (S; 0-12) 315 231 183 186 251 234 (53)
peak S; rate 6.60 6.90 6.59 6.19 6.74 6.64 (0.26)
HDL (Fi’.20 0-9) 258 233 263 270 334 27]'(38)
%HOL, 33.8 41.4 46.7 34.7 45.9  40.4 (6.1)
%HDL 5 66.2 43.5 39.3 57.4 35.0 48.3 (13.1)

For explanation of'symbols and abbreviations, see

legend to Table 15a.
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Tables l5a-c lists plasma lipid and lipoprotein 1levels
in these subjects. Plasma triglyceride 1levels in CFPI+
(162+466) were similar to N (106+56), but significantly’
lower in CFPI- (72+34). The low plasma TG levels reflected
in low plasma VLDL levels in CFPI- (49+40) compared to CFPI+
(91+81) and N (100164). Plasma cholesterol concentrations
were significantly lower in CFPI+ (98i46) compared to CFPI-
(161+27) aﬁd N (152+16). This was reflected in signifi-
cantly lower plasma LDL concentrations in CFPI+ (CFPI+,
148+35; CFPI- , 249:25; N, 234+453), and significantly lower
HDL concentrations in both CFPI+ (222+38) and CFPI- (211+40)
compared to N (27li38).‘ Thus, LDL levels differentiated
'between patienﬁs with and without pancreatic insufficiency,
suggesting that this abnormality is'?robably secondary to

fat malabsorption.
c. Particle Size Distribution of LDL

To check the possibility of alterations in LDL distri-
bution 1in CF subjects with fat malabsorption, we next exam-
ined the flotation properties and particle size distribu-
tions of LDL in CF. The mean peak Sof rate of LDL at d
1.063 g/ml (Table 1l5a-c) was significantly lower in CFPI+
(6.05+0.55) compared to CFPI- (6.92+0.34) and controls
(6.6+0.26). However, the peak SOf values were within the

range reported in other studies (42) for healthy males and

did not approach the 1low values (Sof 4) found in the

*two-tailed probability (t-test) less than 0.05.
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hypertriglyceridemic individuals. In view of the direct

relationship betwéen peak s®_ and particle diameter (88)T we

bid
expected LDL 1in CFPI+ to exhibit relatively smaller major
components. The GGE profiles of the d<1.063 g/ml plasma
fraction showed up to four components within the LDL size
range (218-278A) and one to two components beyond LDL size
range (280-310A). The overall LDL particle-size and distri—
bution (Table 16) were not different between CF and healthy

subjects.

d. Concentration and Particle Size Distribution of

Lp(a)

In four out of six CFPI+ studied, a component larger

than the LDL size range (e.g., 290A in CF1l2; Fig 48A) was

consistency observed in the d<1.063 g/ml fraction. A com- "

ponent of similar size (e.g., 288A; Fig 48B) was detected in

the d 1.055-1.19 g/ml plasma fraction from these patients
suggesting that the large components were Lp(a) species. 1In
an attempt to estimate Lp(a) concentrations in CF, the
Fol.20 rate interval for ULp(a) in the 4 1.055-~1.19 g/ml
plasma fraction was established, using analytical ultracen-
trifugation. Lp(a) floated in an Fol.20 rate range of 17-24

*
(roughly corresponding to s© 0-2). Using the concentration

f
of Fol 20 17-24 material as an estimate of Lp(a) levels, we

Tdiameter =O(5.13)xpeak_SO - (218) A

*The peak F 1 rate for ghis component was similar
between CF "1éPPI+, 23.2443.99; CFPI-, 20.09+0.54) and
controls (19.75+2.61). ,
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Table 16 -Particle diameters (K) of major and minor components of LDL and Lp(a) .
CF subjects

CF3 |CF4 | CF6 CF1 =~ [CF15 [CF7 [CF12 CF8 | CF11 CF5
particle (major|265 | 268 | 260 275  |248 | 256 255,242| 267 | 255 266
diameter .
of LDL minor|239 | 238 | 272,249,239]251,238]240 |271 |274,233|254 | 276,248,238|278,251,240
particle major{292 {299 | --- 296 292 | --- {290 280 | -- -
diameter
of Lp(a)

normal cqntrols ‘

N2 N10 |N13 N14
partic]e major‘ 275 270 263 25] 259
diameter _
of LDL minor{234 | 252,240(279 {242,233 | 248,241
particle majorfogs | 282 S —
diameter
of Lp(a)

N _
Gradient gel electrophoresis (2-16%) was performed on LDL within the plasma
d<1.063 g/ml fraction and Lp(a) within the d 1.055-1.19 g/ml fraction.
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Fig 48. Particle distribution

d<1.063 fraction) and Lp(a)

plasma d 1.055-1.19 g/ml fraction) of a patient with

fibrosis Note the appearance of an Lp(a) component

in both (mean diameter, 290A) and diameter,

presence of the minor component

pattern shown in indicates incomplete separation

from major LDL component.
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found a higher mean concentration in CFPI+ (14.2+6.7) com=-
pared to CFPI- (9.8+8.3) and healthy controls (8.3+6.6);
however, the differences were not significant due to large
variability 1in "the values. The higher mean Fol.20 17-24
levels in CFPI+ may reflect not only Lp(a) species but the
presence of minor, small (<230A' LDL species in CF. Meas-
urement of total plasma Lp(a) levels, using radial immuno-
diffusion, also did not reveal any significant differences

between CF patients (CFPI+, 7.3+ 9.7; CFPI-, 9.1+6.8) and

control subjects (4.6+5.8).
e. Particle Size Distribution of HDL

We have already commented on our observation of consid-
érably lower HDL levels in CF patients with or without pan-
creatic insufficiency. Whereas low HDL levels in healthy
individuals generally reflect 1low levels of HDL2 species
(Fig 49, squares), this was not the case in CF. Four out of
6 CFPI+ patterns and 3 out of 4 CFPI- patterns had a signi-
ficantly (more than one S D.) higher contribution of the

larger HDL (i.e. (HDL ) species to the total HDL pat-

2a)gge
tern than expected from their total HDL 1levels (Fig 49,
solid circles). Two out of 5 control HDL patterns also
showed elevated (more than one S.D.) %HDL2a (Fig 49, empty
circles). Thus, we cannot definitively establish a dif-
ferent HDL distribution pattern in CF patients and further
studies on a larger number of patients and control subjects

are needed. Nevertheless, we observed a significant posi-

tive correlation between %HDL2a and health scores in CF
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Fig 49. Weight percentage of HDL2a in plasma of cystic
fibrosis (CF) patients éompared to that in normal conﬁ;ols
as a function of total HDL concentration. Regfession of
$HDL,_ on total HD+ (solid curve) were constructed by Ander-
son et al (133) using 80 male (solid squares) and 80 female
(empty squares) healthy subjects. CF patients and controls
from our present'étudy are identified by he following sym-
bols: CF with pancreatic insufficiency, empty circles; CF
without pancreatic insufficiency, solid circles; normal con-

trols; solid tiangles.
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patients, implying that in the face of <chronic disease,
alterations in HDL distribution occurs in CF. In healthy
individuals, an increase in %HDL2a can be induced by anaero-
bic exercise. We speculate that a basis for the apparent
.elevated %HDL7a-levels in CF patients in the present study
may have been similar to that resulting from anaerobic work.
In fact, physiological changes associated with anaerobic
work, such as increased glycolysis and fatty acid turn over,
and lactic acidosis, are coﬁmon clinical findings in CF
(134) . Most recent studies suggest that some symptoms in CF
such as increased salivary glycoproteins, enzymes, and elec-
trolytes are also similar to those induced by anaerobic work
(129;134). A norﬁai energy metabolism in CF may stem from
marginal energy intake, due to either fat halabsorption or
drug-induced anorexia, relative to the high energy expendi-
ture, due to lung infection and work of respiration. More
studies are necessary to elucidate whether abnormal energy
metabolism associated with elevafed HDLA levels is a common

finding in CF.

f. Interrelations Among Lipoprotein Classes from CF

Patients

To gain further insight into possible metabolic
interrelationships among lipoprotein subclasses in CF
patients, <correlations between lipoprotein levels were
evaluated. In healthy subjects, a negative correlation gen-
erally exists (88) for plasma VLDL and HDL levels, particu-

larly HDL, species. This was the case for our control

262



subjects as well (r= =0.51; slope, -0.87). However, in
CFPI+, a positivé (instead of negative) trend was obser&ed
between VLDL and HDL levels (r= 0.75; slope, 1.81). More
data are necessary to establish the significance of this
trend.. The metabolic basis for the increase interrelation-
ship between plasma VLDL and HDL in healthy individuals is
‘currently considered to be the increase in HDL“mass when

there is sufficient lipolysis of VLDL coupled to transfer of

VLDL surface components to HDL species. The metabolic basis

for the positive, 1instead of the negative correlation
between VLDL and HDL in CFPI+ 1is not apparent, but may
relate to either 1low lipoprotein lipase activities previ-
ously reported in CF patients with pancreatic insufficiency
(135), or the general deterioration of health status and low
total available lipids. The latter would be consistent with
the positive trends between each lipoprotein class (VLDL,

LDL, HDL3) and health score.
g. Apoprotein Distributicn in Plasma from CF Patients

Abnormalities in plaéma glycoprotein properties in> CF
have recently gained interest (136) in view of the fact that
organs affected in CF all secrete glycoproteins. Increased
fucose and low sialic acid content in several plasma pro-
teins and increased plasma heparin bindiné capacity (136)
have been reported in CF, which may havé relevance to their
low LpL activity (135). Since some plasma apopfoteins (apo
B, apo E, apo C III) are glycoproteins, we wete interested

to check the distribution of apoproteins and their isoforms
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in CF subjects, particularly 1in 1light of their role as

activators and inhibitors of lipases.

In a preliminary study of the apoprotein distribution
in CF plasma, SDS-PAGE was performed on d<1.063 g/ml (3.5%
polyacrylamide gels) and 4 1.063-1.20 g/ml1 (10% gels, Fig
50) plasma fractions from a CFPI+ (CF6) and a control (N9)
subject. Equal amounts of protein were applied to gels. No
bdifferences in apo B distribution in the d<1.063 g/ml frac-
tions were observed in CF (not shown). However, of HDL
apoproteins, a marked difference in the distribution of,épo
C was noticed. 1In view of the fact that apo Cs modulate
lipoprotein 1lipase activity in plasma, the significance of
our findings with respect to the repbrted low LPL activity
in CF needs to be assessed. Of the apo C family, apo C III
is a glycoprdtein with several isoforms differing in sialic
acid content. Since changes in the distribution of apo C
(particularly apo C III isoforms) occur in healthy individu-
als put on a low fat, high carbohydrate diet (137), studies
on the distribution of isoforms of apoproteins in CF may be
promising in enhancing'our understanding of the mechanisms
affecting lipid transport system in CF subjects particularly

those with pancreatic insufficiency.

h. Concentration of PZ-Glycoprotein—l in plasma from CF

Patients

PZ-glycoprotein—l is a minor apoprotein, an activator
of lipoprotein lipase (138), and has been found associated

mainly with the triglyceride-rich 1lipoproteins and HDL
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Fig 50. Apoprotein distribution of HDL (plasma 4 1.063-1.20
g/ml fraction) in a healthy (N9, solid line) and a cystic
fibrotic patient (CF6, dashed line). SDS-polvacrylamide gel
electrophoresis (10% gel) was performed on samples (50 ug

protein) as described in Methods, section G3. Apoproteins

were identified according to their molecular weight: apo B, -

550 kilodaltons (Kd); human serum albumin, 67 Kd; apo E
covalently bound to apo AII monomer via a disulfide bond
(apo E+ AII), 46 Kd; apo AIV, 46 Kd; apo E, 36 Kd% apo AI,
28.3 Kd; apo D, 22 Kd; apo AII dimer, 17.5 Kd; apo C family,

7-805 Kdo
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(139). We checked the concentration of total pZ—
glycoprotein-1l in CF plasma and found little difference in
those patients with pancreatic insufficiency (21.01+2.61
mg/mi) or without pancreatic insufficiency (19.34+2.23

mg/ml) compared to normal controls (22.54+2.27 mg/ml).

4. Conclusion

Cur data on adult CF patients confirm previous findings
on younger CF (131), and show the existence of markedly
lower lipid levels in CF patients yith pancreatic insuffi-
ciency secondary to fat malabsorption. Further work is
needed to elucidate the significance of possible alterations
in the cafbohydrate composition of apoproteins in CF. Pos-
sible alterations in HDL distribution in CF (with or without
PI) was implied which may be related to altefed.energy meta-
bolism in these subjects.. Information on the lipoprotein
distribution in CF patients may be of value in assessment of

the effectiveness of therapeutic measures in CF.
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