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Abstract

Objective—The goal of this study was to understand the molecular basis for how the amino acid
substitution C112R that distinguishes human apolipoprotein (apo) E4 from apoE3 causes the more
pro-atherogenic plasma lipoprotein cholesterol distribution that is known to be associated with
expression of apoE4.

Methods and Results—Adeno-associated viruses, serotype 8 (AAV8) were used to express
different levels of human apoE3, apoE4 and several C-terminal truncation and internal deletion
variants in C57BL/6 apoE-null mice which exhibit marked dysbetalipoproteinemia. Plasma
obtained from these mice two weeks after the AAV8 treatment was analyzed for cholesterol and
triglyceride levels as well as for the distribution of cholesterol between the lipoprotein fractions.
Hepatic expression of apoE3 and apoE4 induced similar dose-dependent decreases in plasma
cholesterol and triglyceride to the levels seen in control C57BL/6 mice. Importantly, at the same
reduction in plasma total cholesterol, expression of apoE4 gave rise to higher very low density
lipoprotein-cholesterol (VLDL-C) and lower high density lipoprotein-cholesterol (HDL-C) levels
relative to the apoE3 situation. The C-terminal domain, and residues 261-272 in particular, play a
critical role because deleting them markedly affected the performance of both isoforms.

Conclusions—ApoE4 possesses enhanced lipid and VLDL binding ability relative to apoE3
which gives rise to impaired lipolytic processing of VLDL in apoE4-expressing mice. These
effects reduce VLDL remnant clearance from the plasma compartment and decrease the amount of
VLDL surface components available for incorporation into the HDL pool, accounting for the more
pro-atherogenic lipoprotein profile (higher VLDL-C/HDL-C ratio) occurring in apoE4-expressing
animals compared to their apoE3 counterparts.
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INTRODUCTION

Apolipoprotein (apo) E is a molecule of great biological and biomedical significance.
Human apokE is polymorphic and the wild-type (apoE3) is associated with normal
physiology which, among other functions, involves mediation of cholesterol transport in
both the circulation and the central nervous system 13, In contrast, the substitution C112R
which converts apoE3 to apoE4 is associated with pathological sequelae, namely increased
risk of cardiovascular disease and Alzheimer’s disease 4. Consequently, there is an
important need to understand the reasons for the different structure-function relationships of
apoE3 and apoEA4.

ApOE is a ligand for the low density lipoprotein (LDL) receptor (LDLR) and serves an anti-
atherogenic function by mediating the clearance of very low density lipoprotein (VLDL)
remnants, thereby decreasing plasma cholesterol 6. ApoE3 and apoE4 bind similarly to the
LDLR 7 but, compared to apoE3, apoE4 reduces plasma cholesterol less in humans giving
rise to a more pro-atherogenic lipoprotein-cholesterol distribution 8. The reasons for this
paradox are not understood fully but are likely a consequence of the different lipoprotein
distributions of apoE3 and apoE4 in plasma. When added to plasma, apoE3 binds
preferentially to high density lipoprotein (HDL) and apoE4 binds more to VLDL °. We have
recently uncovered the molecular basis for this effect 10. ApoE4 exhibits better lipid binding
ability than apoE3 and the strong lipid binding ability of apoE4 coupled with the VLDL
particle surface being predominantly covered with lipid (in contrast to the primarily protein-
covered surface of HDL particles) leads to apoE4 binding better than apoE3 to VLDL.

The human apoE molecule possesses a N-terminal helix bundle domain (residues 1-191)
which contains the LDLR recognition site and a C-terminal domain (residues 192-299)
which initiates lipid binding 11-15, The substitution C112R which differentiates apoE3 and
apoE4 is located in the helix bundle domain and destabilizes it 16-17. As a consequence, the
interactions between the N- and C-terminal domains are altered leading to different
organization of the segment spanning residues 261-272 which plays a critical role in the
interaction with lipid surfaces; this structural change is the basis for the preferential binding
of apoE4 to VLDL 1018,

Here we apply the above understanding of apoE-lipoprotein interactions in vitro to an
investigation of how the enhanced binding of apoE4 to VLDL alters lipoprotein metabolism,
as compared to the effects of apoE3. Previously, we have employed an adeno-associated
virus serotype 8 (AAV8) system to express human apoE in apoE-null mice 12 and now we
extend this work by expressing apoE3, apoE4 and C-terminal deletion variants of both
isoforms at different doses and measuring the effects on plasma cholesterol levels and
lipoprotein cholesterol distributions. The results reveal which parts of the C-terminal
domains of apoE3 and apoE4 determine the abilities of the two molecules to mediate
clearance of plasma cholesterol. The two isoforms behave differently with respect to their
abilities to mediate lipolytic processing of VLDL remnants and production of HDL particles,
leading to the more pro-atherogenic VVLDL-cholesterol/HDL-cholesterol distribution
observed with apoE4 compared to apoE3.

METHODS

A detailed description of animals, reagents and methods used in these studies can be found
in the Supplemental Materials available online at http://atvb.ahajournals.org. A brief
description of the principal methods used is provided here.
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Preparation of apoE adeno-associated virus vectors

The pseudo-typed AAV2/8-apoE3 used for expression of apoE3 and the control vector
containing the LacZ gene packaged into serotype 8 have been described before 1°. The
cDNA of all the apoE3 and apoE4 variants used in this study cloned into the pAAV mcs
shuttle plasmid were prepared with the Quikchange site-directed mutagenesis kit
(Stratagene/Agilent) starting with apoE3 cDNA. The purified mutant plasmids were then
submitted to the University of Pennsylvania Vector Core for use in creating the apoE AAVS,
as described before 19-21,

Mouse study protocol

Statistics

Male apoE-null mice on a C57BL/6 background (8-10 weeks old) were obtained from
Jackson Laboratory (Bar Harbor, Maine) and maintained on a standard chow diet. Groups of
5 mice were injected intraperitoneally with the desired number of genome copies of either
apoE AAVS8 or null vector. Blood was obtained from the retro-orbital plexus after a 4 h fast
one day prior to virus injection and 2 weeks after injection. Liver samples were collected
after exsanguination. All mouse experiments were approved by the University of
Pennsylvania Institutional Animal Care and Use Committee. Plasma from each mouse was
analyzed for cholesterol, triglyceride (TG) and human apoE content using a Cobas Mira-L
auto analyzer (Roche Diagnostics Systems, Inc.) 19. Human apoE mRNA in the mouse livers
was assessed by real-time PCR. Pooled plasma samples were subjected to FPLC analysis on
a Superose-6 column and cholesterol concentrations in the lipoprotein fractions were
determined enzymatically using a Wako kit 19.

Data are presented as means + SEM. Statistical tests for significance were done using an
unpaired t-test or 1-way ANOVA followed by a Dunnett test for multiple comparisons.

RESULTS

Effects of apoE3 and apoE4 on plasma cholesterol and lipoprotein levels

Fig. 1 shows how treatment of apoE-null mice with increasing doses of apoE3- and apoE4-
AAV8 reduces plasma cholesterol and TG levels. Consistent with our earlier report with
apoE3-AAVS 19, a dose of 10E10 gc AAVS expressing either apoE3 or apoE4 is sufficient
to eliminate the marked hyperlipidemia characteristic of apoE-null mice on a chow diet 22-23
and reduce the plasma lipid levels to those characteristic of control C57BL/6 mice.
Importantly, unlike the situation when apoE is acutely over-expressed by the use of
adenovirus vectors 2425 there is no evidence of hypertriglyceridemia. The hepatic content
of human apoE mRNA exhibits a hyperbolic dependence on AAV8 dose with the expression
levels of apoE3 and apoE4 being the same at any given dose (Supplementary Fig. I).
Consistent with prior work using different doses of AAV8 to express human apolipoproteins
in mice 21, the hepatic content of human apoE mRNA determines the amount of apoE
variant appearing in plasma. The plasma levels of human apoE3 and apoE4 are comparable
and in mice two weeks after treatment with AAV8 doses of 1E10, 3E10 and 10E10 gc are
approximately 3, 5 and 20 pg/ml, respectively. It is problematic to determine the
distributions of apoE3 and apoE4 between VLDL and HDL because the highly efficient
clearance of apoE from the plasma compartment leads to low apoE concentrations. Thus, at
low AAV8 doses there is relatively more VLDL present but very little apoE expression and,
conversely, at high AAV8 doses the increased apoE leads to clearance of practically all of
the VLDL.

Although apoE3 and apoE4 reduce plasma total cholesterol levels to the same extent (Fig.
1A), the two apoE isoforms give rise to different lipoprotein-cholesterol distributions (Fig.
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2). It is apparent that, at the same level of expression, apoE4 gives rise to a more pro-
atherogenic lipoprotein profile with a higher level of cholesterol in VLDL/IDL/LDL and a
lower level in HDL, relative to the apoE3 situation. The effects of different levels of
expression of apoE3, apoE4 and apoE4 (1-260) on the lipoprotein cholesterol distribution
are compared in Fig. 3A-C. In all cases, the progressive decrease in levels of apoB-
containing lipoproteins (VLDL+IDL+LDL) with increasing apoE expression is apparent.
Comparison of the elution volumes indicates that IDL and LDL particle size decreases at
higher levels of apoE expression, consistent with TG removal by lipolysis. Fig.3D shows
how the level of apoE expression modulates the lipolytic conversion of the VLDL-
cholesterol (VLDL-C) fraction into the (IDL-C+LDL-C) fraction. In the case of increasing
apoE3 expression, the fractional distribution of cholesterol between the (IDL+LDL) and
VLDL fractions increases from the value of 0.4 seen in untreated mice to a value of 0.75 in
mice treated with 10E10 gc AAVS. The latter value is essentially the same as the ratio of
0.77 seen for plasma of control C57BL/6 mice (data not shown). The equivalent increase in
the fractional distribution with apoE4 expression is to a value of 0.54, reflecting relatively
poor conversion of VLDL to IDL+LDL (Fig. 3D). Strikingly, deletion of residues 261-299
from apoE4 to give the 1-260 variant increases the fractional distribution to 0.72 at 10E10
gc AAVS8, which is similar to the behavior of apoE3. It is apparent that removal of the C-
terminal reduces the lipid-binding ability of apoE4 10. 18 but enhances its ability to mediate
lipolytic conversion of VLDL into IDL + LDL.

The apoE isoform effect on the conversion of VLDL into IDL + LDL is also associated with
differences in HDL-C levels. The relatively high VLDL-C and low HDL-cholesterol (HDL-
C) levels for apoE4 shown in Fig. 2 for an AAV8 dose of 1E10 gc occur at all AAV8 doses
investigated (Supplementary Fig. 11, Panels A and B). ApoE3 gives lower VLDL-C levels
and higher HDL-C levels across the range of doses used. Greater expression of apoE3
increases the relative HDL-C value but this effect is not seen with apoE4 so that unlike the
situation with apoE3, where high expression reduces the VLDL-C/HDL-C ratio to the very
low level (~0.1) characteristic of control C57BL/6 mice, the ratio remains above one for
apoE4-expressing mice (Supplementary Fig. 11, Panel C). Fig. 4 shows the VLDL-C/HDL-C
ratios for mice expressing different levels of apoE3 and apoE4 as a function of the relative
plasma cholesterol level. The ratio is strongly dependent on total plasma cholesterol level
and decreases progressively to a very low value as cholesterol is cleared from the plasma
compartment by apoE3. The situation for apoE4 is similar at lower expression levels but
when the relative plasma cholesterol level decreases below ~50%, the VLDL-C/HDL-C
ratio does not decrease and remains in the range 1-2.

Influence of C-terminal domain on apoE functionality

The presence of the C-terminal domain (residues 192-299) is vital for the ability of apoE3 to
reduce plasma cholesterol because expression of the isolated N-terminal helix bundle
domain (residues 1-191) at very high dose fails to reduce plasma cholesterol (Supplementary
Fig. I11). In contrast, the same structural manipulation only partially decreases the ability of
apoE4 to lower plasma cholesterol (Supplementary Fig. I111). To understand the contribution
of the C-terminal domain in more detail, we examined the effects of deleting segments of
this domain of apoE3 and apoE4 on the abilities of the two isoforms to reduce plasma
cholesterol levels when expressed in apoE-null mice. The results are summarized in Table 1.
Deletion of either residues 273-299 or 192-260 in both apoE isoforms has little or no effect
on the plasma cholesterol-lowering abilities. In marked contrast, removal of residues
261-272 has major effects. Thus, the effectiveness of the 1-260 and A261-272 variants is
reduced, with the reduction being greater for apoE3 than for apoE4. The contribution of
residues 261-272 to the cholesterol-lowering ability of apoE is emphasized by the fact that a
three-times higher AAV8 dose of 1E11 gc is required to give the plasma cholesterol
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reductions for the A261-272 variants listed in Table I. This need for a higher expression
level of the A261-272 variants is not due to reduced appearance of these proteins in the
plasma compartment. At an AAV8 dose of 1E11gc, the plasma concentrations of apoE3
(A261-272) and apoE4 (A261-272) are 33.8 = 13.4 (n=5) and 34.0 + 2.0 pg/ml (n=3) (mean
+ SEM), respectively; these values are similar to the concentration of ~ 20p.g/ml observed
with apoE3 and apoE4 at the same AAV8 dose. This result proves that removal of residues
261-272 has a direct effect on the functionality of apoE in the plasma compartment. The
poor performance of apoE3 (A261-272) and apoE3 (1-260) in reducing plasma cholesterol is
not due to a loss of ability of these molecules to bind to the LDLR (Supplementary Table I).
All the apoE3 and apoE4 C-terminal variants can bind to the LDLR, as might be expected
given that the receptor recognition site (residues 136-150) is located in the N-terminal helix
bundle domain. The reductions in plasma total cholesterol induced by the apoE C-terminal
variants (Table I) are accompanied by decreases in the VLDL-C/HDL-C ratio, with the
dependence of this ratio on relative plasma cholesterol level being generally similar to that
shown for apoE3 in Fig. 4. It is noteworthy that removal of residues 261-299 eliminates the
aberrant behavior of apoE4 and allows the VLDL-C/HDL-C ratio to decrease to the low
value observed with apoE3 (cf. data for apoE4 and apoE4 (1-260) in Fig. 4). This effect
occurs because, as shown in Fig. 3D, the fractional conversion of VLDL to IDL + LDL is
greater with apoE4 (1-260) than with apoE4 and similar to that seen with apoE3. As a
consequence, VLDL-C is decreased and HDL-C is increased so that the VLDL-C/HDL-C
ratio is reduced.

As mentioned above, apoE4 is exceptional in giving rise to a high VLDL-C/HDL-C ratio
even when expressed at high doses (Fig. 4). Removal of C-terminal residues 273-299 to give
the apoE4 (1-272) variant normalizes this behavior and the VLDL-C/HDL-C distribution
becomes like that of apoE3 (Fig. 5). Importantly, deletion of these residues from apoE4 does
not interfere with the ability to reduce plasma cholesterol (Table I) but only eliminates the
more pro-atherogenic lipoprotein-cholesterol distribution.

DISCUSSION

Plasma cholesterol-lowering abilities of apoE3 and apoE4

The finding that AAV8-mediated hepatic expression of human apoE3 and apoE4 corrects
the hyperlipidemia in apoE-null mice is consistent with prior work with human apoE-
transgenic mice 25, In both the AAV8-treated animals (Fig. 1) and the transgenic mice, the
reduction in plasma cholesterol is the same with apoE3 and apoE4 expression. This
observation is consistent with both isoforms binding similarly to the LDLR 7 and with this
receptor being critical for VLDL remnant clearance in apoE-null mice 2. Since apoE has to
bind appropriately to the VLDL remnants to mediate their uptake by the LDLR pathway, the
low efficiency of plasma cholesterol reduction exhibited by apoE (1-191) variants which
lack the lipid-binding C-terminal domain (Table 1) is unsurprising. Although both apoE3
(1-191) and apoE4 (1-191) can bind to VLDL, albeit poorly 19, expression of the former has
no effect on plasma cholesterol whereas expression of the latter does. A possible explanation
for the activity with apoE4 is that the lower stability of its helix bundle domain, due to the
presence of R112 16, allows the bundle to open 12-13 permitting the receptor binding site
(residues 136-150) 11 to interact with the LDLR. In contrast, the more stable helix bundle in
apoE3 (1-191) does not open which eliminates LDLR binding and any reduction in plasma
cholesterol.

The contributions of the helix bundle domain and various segments of the C-terminal
domain in apoE3 and apoE4 to plasma cholesterol lowering are summarized in Fig. 6. It is
apparent from the values of the fractional segmental contribution to cholesterol-lowering
efficiency (F) that residues 261-272 make the largest contribution in both apoE isoforms.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 6

This effect of residues 261-272 is consistent with the ability of apoE to bind to lipoprotein
surfaces being critical for plasma cholesterol-lowering because this segment, which forms a
hydrophobic surface patch 13, is key for lipid emulsion and VLDL binding activity 10: 28,
However, the plasma cholesterol-lowering ability of apoE variants does not always correlate
simply with lipid and VLDL binding ability. The different F value for residues 261-272 in
apoE3 and apoE4 is consistent with the structural organization of this segment being
different in the two proteins 18 but it is not clear at this time why F is larger for apoE3. The
finding that F = O for residues 273-299 (Fig. 5) indicates that the VLDL binding ability as
measured in vitro and the ability to reduce plasma cholesterol in vivo do not correlate well
because deletion of these residues significantly reduces VLDL binding in vitro 10 but does
not impair cholesterol lowering in vivo. A possible explanation for this apparent discrepancy
is that there is a threshold level of apoE on VVLDL required for clearance by the LDLR and
removal of residues 273-299 does not reduce the VLDL apoE content below the threshold.

Differential effects of apoE3 and apoE4 on plasma lipoprotein cholesterol distribution

Besides being critical for the ability to reduce plasma cholesterol, the relative lipid- and
lipoprotein-binding abilities of apoE3 and apoE4 have important consequences for the
distribution of cholesterol between the VLDL and HDL fractions of plasma. The scheme in
Fig. 7 presents the mechanistic basis for the higher VLDL-C/HDL-C ratio found in apoE4-
expressing mice compared to animals expressing the same level of apoE3 and having the
same plasma total cholesterol level (Fig. 2); this effect is not peculiar to AAV8-treated mice
because the VLDL-C level is also higher in apoE4 transgenic mice compared to their apoE3
counterparts 26, The critical effect of the apoE content of VLDL remnants on LPL-mediated
lipolysis is well established. This apoE content has to be sufficient to support LDLR binding
but not too high otherwise lipolysis is inhibited 2231 and HDL formation by release of
excess surface components 32 is reduced. The inhibition of LPL activity probably occurs
because the apoC-11 cofactor is displaced from the surface of the VLDL particle 5 33, ApoE3
binds better to HDL than to VLDL 210 and is apparently distributed appropriately between
these lipoproteins in vivo. As a consequence, progress down the lipolytic cascade is optimal
(Fig. 3D) so that there is efficient formation of small VLDL remnants possessing apoE3
content suitable for effective binding to the LDLR and removal from plasma . The result
for apoE3-expressing mice is that a relatively low VLDL-C/HDL-C ratio is attained
(represented by the ratio c/d in Fig. 7). The greater lipid-binding ability of apoE4 (due to the
altered conformation of the segment spanning residues 261-272 18) increases the
concentration of apoE4 on the VLDL surface so that more apoC-11 is displaced and lipolysis
is inhibited relative to the apoE3 situation. Thus, in apoE4-expressing animals the steady
state VLDL-C/HDL-C distribution is relatively high (represented by the ratio a/b in Fig. 7).
The critical role for the ability of apoE to partition appropriately between VLDL and HDL
during the lipolytic cascade is supported by the observation that apoE4 (1-272) behaves
more like apoE3 than apoE4 (Fig. 5). Removal of residues 273-299 from apoE4 reduces
VLDL binding to a level below that of apoE3 19 so that the in vivo lipolytic processing of
VLDL remnants is not impaired in mice expressing apoE4 (1-272). This result suggests that
pharmacological intervention in apoE4 subjects to reduce the apoE content of VLDL could
be beneficial therapeutically.

In summary, relative to apoE3-expressing mice, the apoE4 mice exhibit a pro-atherogenic
lipoprotein profile which explains the increased atherosclerosis seen in such animals 28. The
mechanistic causes for this pathological effect associated with the presence of apoE4 are: (1)
the structural change of the segment spanning residues 261-272 caused by the C112R
substitution in apoE4, (2) the resultant increased lipid binding ability of apoE4 relative to
apoE3 that leads to changes in the apoE content of VLDL, (3) impaired lipolytic processing,
and (4) reduced VLDL remnant clearance from the plasma compartment and movement of
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cess VLDL surface components into the HDL pool. Knowledge of these molecular

mechanisms that underlie the ability of apoE to reduce plasma cholesterol may aid in the
future development of effective apoE-based gene therapy approaches to reducing
atherosclerosis 34-35,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Influence of expression of human apoE3 and apoE4 on (A) plasma cholesterol and (B)
triglyceride levels in apoE-null mice. The mice (5 per group) were treated with the indicated
doses (gc) of AAVS to express either apoE3 or apoE4. The mice were bled before and two
weeks after administration of the AAV8 and samples of plasma were prepared for analysis
of cholesterol and triglyceride levels. The lipid levels in the plasma samples are plotted
relative to the values before treatment with AAV8. The 100% values were 618 + 27 mg
cholesterol/dL (mean £ SEM, n=23) and 114 + 3 mg triglyceride/dL (mean = SEM, n=25).
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Figure2.

Distribution of lipoprotein cholesterol in apoE-null mice treated with AAV8 to express
either human apoE3 or apoE4. Two weeks after administration of 1E10 gc AAV8, the mice
(5 per group) were bled and samples of pooled plasma were fractionated by chromatography
on a Superose 6 gel filtration column. The cholesterol levels in the lipoprotein fractions were
determined using a Wako enzymatic Kit.
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Figure 3.

Influence of the level of expression of either apoE3, apoE4 or apoE4 (1-260) on the
lipoprotein cholesterol distribution in apoE-null mice. The mice (5 per group) were treated
with the indicated doses of AAV8 and 2 weeks later samples of pooled plasma were
analyzed by gel filtration chromatography as described in the legend to Fig. 2. In panel A,
the elution profile for plasma from untreated apoE-null mice is plotted with filled circles. In
panels A-C, the profiles correspond to the following AAV8 doses (gc): (O) 1E10, (A) 3E10,
(V) 10E10. Panel D shows the influence of AAV8 dose on the distribution of lipoprotein
cholesterol between the VLDL and (IDL+LDL) fractions. The ordinate shows the fractional
distribution which represents the ratio (IDL-C + LDL-C) / [(IDL-C + LDL-C) + VLDL-C].
The VLDL-C and (IDL-C + LDL-C) values are the cholesterol masses that elute from the
gel filtration column between 1-4.5 ml and 5-14 ml, respectively. The fractional distribution
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calculated in this fashion for untreated apoE-null mice (elution profile (@) in panel A) has a
value of 0.4.
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Figure 4.

Influence of apoE structure on the distribution of lipoprotein cholesterol. Lipoprotein
cholesterol profiles of the type depicted in Fig. 3 obtained using plasma from mice treated
with different apoE AAV8 doses were analyzed for the distributions of VLDL-cholesterol
(VLDL-C) and HDL-cholesterol (HDL-C) (elution volume = 15-20 ml). The VLDL-C/
HDL-C ratios at each dose of apoE3 and apoE4 AAVS are shown in Supplementary Figure
I1. The resultant VLDL-C/HDL-C ratios are plotted here as a function of the relative plasma
cholesterol level in the mice treated with the different AAV8 doses (cf. Fig. 1, top panel).
Comparison of the data for WT apoE4 and apoE4 (1-260) gives an indication of the
influence of residues 261-299 in apoE4 on the VLDL-C/HDL-C ratio.
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5

Distribution of lipoprotein cholesterol in apoE-null mice treated with AAV8 to express
either human apoE3 or apoE4 (1-272). The experimental conditions were the same as those

described in the legend to Fig. 2.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2014 April 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Lietal.

Page 16

apoE3 < stable helx bundle > € C-terminal domain >

260 272 299

i ci12 'i‘ I
N 1 H C
| | |

F 0 0.2 08 ©
apoEd < molten globule helix bundle > < C-termnal domain >
1 191 260 272 299
I R112 I l
"l ' | -
F 0.3 0.3 o4 0

(F = fractional segmental contributionto cholesterol-lowering efficiency)

Figure6.

Contributions of different regions of the apoE3 and apoE4 molecules to their abilities to
clear plasma cholesterol. The linear representations of the amino acid sequences show the
position in the N-terminal helix bundle domain of the C112R substitution that distinguishes
the two isoforms. The fractional contribution to plasma cholesterol-lowering (F) is indicated
beneath the indicated segments of the apoE3 and apoE4 molecules. The F values are
calculated from the relative efficiencies of plasma cholesterol reduction for the apoE3 and
apoE4 C-terminal truncation variants (1-272), (1-260) and (1-191) listed in Table 1. For
instance, the F value (0.8) of the segment spanning residues 261-272 in apoE3 is obtained by
subtracting the cholesterol-lowering efficiency of apoE3 (1-260) (0.2) from that of apoE3
(1-272) (1.0). The F values derived in this fashion are different from the values inferred
from the behavior of the apoE variants containing internal deletions (A192-260 and
A261-272) probably because, compared to the simple removal of residues from the C-
terminal end of the molecule, removal of these internal segments leads to greater structural
reorganization of the entire C-terminal domain. The importance of the segment spanning
residues 261-272 is highlighted by the hatched rectangle marking this section of the apoE
molecule. See text for further details.
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Figure7.

Schematic comparing the influence of apoE3 and apoE4 on the lipolysis cascade involved in
the catabolism of VLDL particles. After secretion from the liver into the plasma
compartment, the triglyceride (TG) in VLDL is hydrolyzed by lipoprotein lipase (LPL) with
apoC-11 as a cofactor leading to the creation of intermediate density lipoprotein (IDL) and
progressively smaller remnant particles. ApoE bound to these particles mediates their
interaction with the LDLR and clearance from plasma (the lower curved arrow shows the
decrease in VLDL and remnant cholesterol levels). As the VLDL/IDL remnants shrink due
to the removal of core TG, excess surface components (phospholipid, cholesterol and apoE)
are released into the HDL pool (upper curved arrow shows the increase in HDL cholesterol
level). ApoE3 partitions between the VLDL and HDL pools so that lipolysis, clearance of
VLDL remnant cholesterol and HDL formation is optimal. In the diagram, points c and d
represent the VLDL/IDL-cholesterol and HDL-cholesterol levels, respectively, when apoE3
is expressed. Relative to apoE3, apoE4 binds more to VLDL because of its higher lipid
affinity leading to inhibition of lipolysis (probably because of displacement of apoC-11) so
that, at the same apoE expression level, progression down the lipolysis cascade is relatively
limited in the case of apoE4 (Fig. 3D). The ratio a/b represents the apoE4 VLDL-C/HDL-C
ratio which is higher than the apoE3 ratio c/d (as seen in the experimental results in Fig. 2, 4,
and Supplementary Fig. I1). It should be noted that the alternate ABCA1 pathway for
production of HDL is not included in the scheme presented here. However, this pathway
cannot contribute to the different HDL levels found with apoE3 and apoE4 expression
because both isoforms interact identically with ABCA1 and produce nascent HDL particles
at the same rate 36. See text for further details.
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