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Abstract

ABBREVIATIONS

HTG: Hypertriglyceridemia; Apo: Apolipoprotein; WT: Wild
Type; TG: Triglyceride; VLDL: Very Low Density Lipoprotein

INTRODUCTION

Hypertriglyceridemia (HTG) is a hallmark of many
disorders, including metabolic syndrome, diabetes, obesity, and
atherosclerosis [1-3]. A growing number of studies indicate
that triglyceride (TG) levels are strong independent predictors
of atherosclerotic cardiovascular disease risk [1,4,5]. Recent
genetic analyses have linked genes that modulate TG metabolism
with cardiovascular disease [6,7]. TG-lowering therapy in
patients with HTG has been shown to reduce cardiovascular
disease events [6,8]. Yet, the molecular etiology of HTG remains
largely unknown. Animal studies showed that several mutations
in apolipoproteins (apo) A-I and E may dramatically affect
plasma TG in mice expressing the mutant proteins [9-14]. Here,
we review biophysical aspects of the mutant apoA-I and apoE
forms associated with HTG, in order to look into the molecular
mechanisms of induction of HTG by the proteins. This information
may help to unravel the mechanisms contributing to some cases
of HTG in humans.

ApoA-], a 243 amino acid protein, is a major protein constituent
of plasma HDL. Plasma concentrations of apoA-I and most apoA-I
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Hypertriglyceridemia (HTG) is an independent factor of atherosclerotic cardiovascular disease and a hallmark of many metabolic disorders. However, the
molecular etiology of HTG is still largely unknown. In mice, severe HTG may be induced by expression of specific mutants of apolipoprotein (apo) A-l or wild
type (WT) apoE4. Expression of a certain apoE4 mutant results in mild HTG, while expression of another apoE4 mutant or WT apoA-I results in normal plasma
triglyceride (TG) levels. Biophysical studies of the apoA-l and apoE4 forms associated with HTG help better understand the molecular mechanisms of induction
of HTG by these proteins. The studies show that the apoA-l and apoE4 forms that induce HTG have a destabilized and more loosely folded conformation in
solution than their counterparts not associated with HTG. Disruption of the protein salt bridge networks by the mutations is likely responsible for the observed
structural changes. Each apoA-l and apoE4 form that induced HTG show enhanced binding to model TG-rich particles. HTG appeared to positively correlate
with the apolipoprotein ability to bind to TG-rich particles. This observation implies that in vivo, the conformational changes in the apolipoproteins that induce
HTG facilitate their binding to plasma TG-rich lipoproteins. We discuss metabolic pathways leading to the development of HTG that may result from enhanced
binding of the apolipoproteins to TG-rich lipoproteins in circulation. While various factors may be involved in the development of HTG in humans, it is possible
that structural alterations that increase affinity of apolipoproteins to TG-rich lipoproteins may contribute to some cases of this disorder.

mutations usually affect plasma levels of cholesterol and HDL, but
do not correlate in general with plasma concentrations of TG or TG-
rich lipoproteins [15,16]. However, three engineered mutant forms
of apoA-I, apoA-I[E110A/E111A], apoA-I[A(61-78)], and apoA-
I[D89A, E91A, E92A], cause severe HTG when expressed in apoA”
mice [9-11]. It was also reported that a naturally occurring human
apoA-I mutation, apoA-I[K107del], was associated with elevated
plasma TG in men [17,18], although a more recent population study
[19] found an increase in TG levels in carriers of this mutation being
not statistically significant. Most recently, another natural human
mutation associated with HTG, apoA-I was identified [20].

Nashua’

ApoE is one of the major protein components of TG-rich
lipoproteins, chylomicrons and very low density lipoproteins
(VLDL). ApoE mediates the hepatic uptake of TG-rich lipoprotein
remnantsviathe LDLreceptorand thereby helpsto control plasma
lipid levels [21]. However, elevated plasma concentrations of
apoE in humans were shown to correlate positively with plasma
TG levels [12]. In apoE”- mice, severe HTG can be induced by
overexpression of apoE2, apoE3, or apoE4 [12,13]. Similar levels
of expression of an apoE4 mutant, apoE4 [W276A, L279A, V280A4,
V283A], induces only mild HTG, while another apoE4 mutation,
apoE4 [L261A, W264A, F265A, L268A, V269A], has been shown
to prevent the induction of HTG in apoE/- mice [14].
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The altered function of the apoA-I and apoE4 forms that cause
HTG may be dictated by altered biophysical properties of these
apolipoproteins. To investigate the properties of the apoA-I and
apoE4 forms associated with HTG and compare them to those of
the counterpart proteins that are not associated with HTG, the
conformation and stability of the purified recombinant apolipo-
proteins were studied using circular dichroism and fluorescent
techniques [9,11,22-24]. It was found that the apoA-I mutations
that cause HTG in mice, apoA-1[E110A/E111A], apoA-I[A(61-78)],
and apoA-1[D89A, E91A, E92A], as well as the natural mutation
apoA-1[K107del], lead to destabilization of lipid-free apoA-I and a
more loosely folded tertiary conformation with greater expose of
hydrophobic surfaces [9,11,22,23]. Similarly, WT apoE4 that may
cause severe HTG in mice has a less stable and more loosely fold-
ed conformation with greater exposure of hydrophobic surfaces
in solution, as compared to the apoE4[W276A, L2794, V280A,
V283A] associated with mild HTG and particularly, as compared
to the apoE4[L261A, W264A, F265A, L268A, V269A] that pre-
vented the induction of HTG [24]. The destabilized, loosely folded
conformation with greatly exposed hydrophobic surfaces may
facilitate binding of apoA-I and apoE4 to lipids and large TG-rich
lipoproteins [21,24-27] and thereby affect metabolism of the li-
poproteins. In-vitro experiments were conducted to test this no-
tion for the apoA-I and apoE4 forms associated with HTG.

Lipid affinity of the apolipoproteins was assessed by
assays that monitored the kinetics of solubilization of DMPC
multilamellar vesicles by the proteins. ApoA-I and apoE4 forms
associated with HTG solubilized DMPC vesicles faster than their
counterparts not associated with HTG [9,11,24]. The ability of the
apolipoproteins to bind to TG-rich particles was evaluated using
synthetic triolein-egg phosphatidylcholine emulsion particles
that resembled plasma VLDL in respect of the average particle
size and the triacylglyceride to phosphatidylcholine ratio [28].
The binding assays conducted at various molar ratios of apoA-I to
TG-rich particles demonstrated enhanced binding to the particles
of the apoA-I forms associated with HTG [22,23]. Notably, the
trend in binding to TG-rich particles of the apoA-I forms {WT
apoA-l < apoA-I[A(61-78)] < apoA-I[E110A/E111A] < apoA-
I[D89A, E91A, E92A]} correlates positively with the trend in
plasma TG concentrations in mice expressing the corresponding
apoA-I form. In contrast, an apoA-I mutant apoA-I[A(89-99)] that
causes hypercholesterolemia with normal plasma TG levels when
expressed in apoA”- mice [10], did not show enhanced binding
to model TG-rich particles [22]. The apoA-I[K107del] mutant
associated with HTG in men [17] also showed enhanced binding
to model TG-rich particles [23]. The binding studies for apoE4
showed that similar to apoA-I, the forms that induce HTG, WT
apoE4 and apoE4[W276A,L279A,V280A,V283A], have enhanced
binding to model TG-rich particles as compared to apoE4[L261A,
W264A, F265A, L268A, V269A] that does not induce HTG [24].
Similar to apoA-I, the trend in binding to TG-rich particles of the
apoE4 forms {apoE4[L261A, W264A, F265A, L268A, V269A] <
apoE4 [W276A, L279A, V280A, V283A] < WT apoE4} correlates
positively with the trend in plasma TG concentrations in mice
expressing the corresponding apoE4 form.

These findings imply that in vivo, the apoA-I and apoE4
forms associated with HTG have increased affinity to TG-rich
lipoproteins in circulation, which may have implications for

catabolism of these lipoproteins. First, the enhanced binding of
the apolipoproteins to TG-rich lipoproteins may result in a higher
protein content and reduced fluidity of the surface monolayer of
the lipoproteins [29,30]. These surface changes may inhibit the
interaction of lipoprotein lipase with the particles and ensuing
hydrolysis of TG. Reduced fluidity of the surface monolayer
may account for the reported reduced level of hydrolysis of TG-
rich lipoproteins isolated from plasma of mice expressing the
apoA-I mutants associated with HTG, when in-vitro lipolysis
was promoted using purified lipoprotein lipase [9-11]. A higher
content of apoA-I or apoE on the surface of TG-rich lipoproteins
may also result in an altered apolipoprotein conformation and
function, including a compromised interaction of apoE with the
LDL receptor and reduced clearance of remnant lipoproteins
from the circulation [21,31]. One of the possibilities is that under
conditions of the more “dense” protein packing on the surface
of TG-rich particles, the N-terminal domain of apoE is displaced
from the lipid surface and adopts an inactive four-helix bundle
conformation [31,32]. Enhanced binding of apoA-I or apoE4 to
TG-rich lipoproteins may also lead to displacement from the
lipoproteins of apoC-II that is required for the activation of
lipoprotein lipase [12] and thereby, result in elevated plasma TG
levels. Displacement of apoC-II from TG-rich lipoproteins may
account for lower apoC-II content in TG-rich lipoprotein fractions
isolated from plasma of mice expressing apoA-1[A(61-78)], apoA-
I[E110A/E111A], orapoA-I[D89A, E91A, E92A] [9-11]. Thus,
structural mutations in apoA-I and apoE that facilitate binding
of the proteins to TG-rich lipoproteins in circulation may trigger
various metabolic changes leading to the development of HTG.

Mapping the apoA-I mutations associated with HTG in mice,
apoA-1[E110A/E111A], apoA-I[A(61-78)], and apoA-I [D89A,
E91A, E92A], on the 228 crystal structure of the truncated
apoA-I[33] shows that all three mutations disrupt salt bridge
networks that stabilize the unique protein structure. Lysine 107,
which is absent in the natural occurring apoA-I mutant [17-19],
is the key residue in two critical intermolecular salt bridges
stabilizing apoA-I [23]. Disruption of the salt bridges likely leads
to a greater exposure of the protein hydrophobic surfaces. While
various factors may be involved in the development of HTG in
humans, it is possible that structural mutations in apoA-I and
apoE (and perhaps some other apolipoproteins) that disrupt
intermolecular salt bridges and increase protein affinity to TG-
rich lipoproteins may contribute to some cases of this disorder.
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