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Evidence for electronegativity of plasma high density
lipoprotein-3 as one major determinant of human
cholesteryl ester transfer protein activity
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Abstract Plasma high density lipoprotein-3 (HDLs) subfrac-
tions with different composition and electric charge proper-
ties were isolated by anion exchange chromatography; their
ability to exchange cholesteryl esters with low density lipopro-
teins (LDL) in the presence of the human cholesteryl ester
transfer protein (CETP) was studied. The rate of radiolabeled
cholestery! esters transferred between LDL and HDLs was
progressively enhanced as the negative charge density of
HDL;s particles increased, until the maximal transfer value
was reached with a charge density ranging between -2,200 and
2,250 esu/cm?. Consistent data were obtained when
cholesteryl ester transfer was measured either from radiola-
beled LDL towards HDLs or from radiolabeled HDLs to-
wards LDL. In both cases, a progressive decrease in the
cholesteryl ester transfer rate was observed as the charge
density increased above the optimal value. When HDL; par-
ticles were progressively enriched with apoA-II with no modi-
fication of their lipid content, the electronegative charge pro-
gressively decreased. In good agreement with data obtained
with native HDL3 subfractions isolated from human plasma,
the rate of radiolabeled cholesteryl esters transferred from
LDL towards apoA-II-enriched HDLs increased progressively
as the density of negative charge increased, until an optimal
surface charge density of approx. -2,200 esu/cm?, was
reached. As the charge density of apoA-Il-enriched HDLs
exceeded the optimal value, the cholesteryl ester transfer rate
was substantially reduced. Consistent observations were
made by substituting apoA-1I for apoA-I either in immunopu-
rified HDL; particles containing mainly apoA-I or in the
plasma HDLs subfractions with the highest electronegativity.
B It is concluded that the charge density of plasma HDL;
constitutes one major determinant of maximal CETP activ-
ity.~Masson, D., A. Athias, and L. Lagrost. Evidence for
electronegativity of plasma high density lipoprotein-3 as one
major determinant of human cholesteryl ester transfer pro-
tein activity. J. Lipid Res. 1996. 37: 1579-1590.
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The cholesteryl ester transfer protein (CETP) pro-
motes the exchange of neutral lipid species, i.e.,
cholesteryl esters and triglycerides, between plasma

lipoprotein fractions (1). Despite the absence of consen-
sus concerning the kinetic model of the CETP-mediated
lipid transfer reaction (2, 3), it is clear that the direct
interaction of CETP with the lipoprotein surface repre-
sents one key step of the transfer process (4). Indeed,
the binding of CETP to lipoprotein substrates and the
lipid transfer activity were shown to increase in parallel,
whereas the disruption of CETP-lipoprotein complexes
inhibits the lipid transfer reaction (5). Earlier studies by
Pattnaik and Zilversmit (6) demonstrated that the inter-
action of CETP with lipoprotein particles is electrostatic
in nature. More specifically, it would involve the inter-
action of one, or several, positively charged groups of
the CETP molecule (7) with negative charges localized
in the lipoprotein surface (6). That latter mechanism is
supported by several experimental evidences. CETP-
lipoprotein interactions are enhanced when the nega-
tive charge of lipoprotein particles is increased by acyla-
tion or succinylation of amino groups (6, 8), by digestion
with either phospholipase A2 (6) or lipoprotein lipase
(9, 10), or by addition of negatively charged non-esteri-
fied fatty acids (NEFA) (10-12). CETP-lipoprotein inter-
actions are markedly decreased when reducing the nega-
tive charge at the lipoprotein surface by lowering the pH
of the medium (6, 10), by conducting incubations in the
presence of divalent cations (Ca2*, Mn?*) (6, 8), or by

Abbreviations: CETP, cholesteryl ester transfer protein; HDL, high
density lipoproteins; HDLs, high density lipoprotein-subfraction 3;
LDL, low density lipoproteins; NEFA, non-esterified fatty acids;
*H-CE-HDLs, HDLs containing tritiated cholesteryl esters;
SH-CE-LDL, LDL containing tritiated cholesteryl esters; HDLs-Al,
HDL3 containing mainly apolipoprotein A-I; PLTP, phospholipid
transfer protein; LCAT, lecithin:cholesterol acyltransferase; TBS,
Tris-buffered saline; FPLC, fast protein liquid chromatography; esu,
electrostatic unit; IEF, isoelectric focusing.
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reducing the NEFA content of lipoprotein particles with
fatty acid-poor albumin (10-12). In fact, an optimal
number of lipoprotein negative charges would be re-
quired to preserve a maximal CETP-mediated lipid
transfer rate. Indeed, recent in vitro studies with chemi-
cally modified lipoproteins revealed that an appropriate
affinity of CETP for donor and acceptor lipoprotein
substrates is needed, with both excessive and insuffi-
cient CETP-lipoprotein interactions reducing the lipid
transfer reaction (8).

Although the electrostatic interaction of CETP with
lipoprotein substrates is now considered as the initiating
step of the lipid transfer reaction, the determinants of
lipoprotein electronegativity, as well as the role of the
electrostatic charge of native plasma lipoprotein frac-
tions in determining plasma CETP activity, remain un-
clear. In the present study, human plasma HDL3 were
fractionated according to their electrostatic charge by
using anijon-exchange chromatography, and the influ-
ence of the lipid and apolipoprotein composition of
isolated HDL3 on both their surface potential and their
ability to act as substrates for CETP was addressed.

MATERIALS AND METHODS

Isolation of HDL; particles

Fresh citrated plasma from normolipidemic subjects
was provided by the Centre de Transfusion Sanguine
(Hopital du Bocage, Dijon, France). HDL3 were isolated
as the plasma fraction of density 1.13-1.21 g/ml by
sequential ultracentrifugation at 55,000 rpm (223,000 g)
in a 70-Ti rotor in an L7 ultracentrifuge (Beckman, Palo
Alto, CA), with two 20-h spins at the lower density and
one 30-h spin at the higher density. The HDL3 fraction
was subsequently washed with one 8-h spin at the density
of 1.21 g/ml, at a speed of 80,000 rpm (561,000 g) in an
NVT-90 rotor on a Beckman XL-90 ultracentrifuge.
Densities were adjusted by the addition of solid KBr.
The isolated lipoproteins were dialyzed overnight
against a buffer of 10 mmol/1 Tris, 3 mmol/1 NaNs, pH
7.4.

Fractionation of HDL3 by anion exchange
chromatography

Ultracentrifugally isolated HDLs were fractionated
on a Mono Q HR 5/5 column (Pharmacia Biotech Inc.)
which was connected to a Fast Protein Liquid Chroma-
tography (FPLC) system (Pharmacia Biotech Inc.).
Briefly, approximately 2 mg of HDL protein was in-
jected into the column, and HDLs subfractions were
eluted for 60 min at a flow rate of 1 ml/min, according
to an NaCl gradient ranging from 0 to 0.4 mol/l. Pro-
tein-containing fractions, eluting from the column, were
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monitored at 280 nm by using a UV-1 detector (Pharma-
cia Biotech Inc.), and 2-ml fractions were collected.

Anti-apoA-II immunoaffinity chromatography

Ultracentrifugally isolated HDL3 were fractionated
on an anti-apoA-II column according to the procedure
previously described (13). HDL3 containing mainly
apoA-I (HDLs-A-l) were recovered in the fraction that
did not bind to the anti-apoA-Il immunoaffinity column.

Preparation of apoA-Il-enriched HDL;

ApoA-lin immunopurified HDL3-A-I or in the plasma
HDL; subfractions with the highest elecronegativity was
progressively replaced by apoA-II upon the incubation
of HDLs3 particles in the presence of increasing amounts
of delipidated HDL apolipoproteins (13). ApoA-II-en-
riched HDL;3 were ultracentrifugally reisolated as the d
< 1.13 g/ml fraction after incubation in the presence of
delipidated HDL apolipoprotein in order to remove
free apolipoproteins. Resulting apoA-Il-enriched HDL;
did not differ markedly in their lipid composition, and
contained virtually only apoA-I and apoA-II in their
protein moiety (13). In the present study, the HDL; to
added apoHDL ratio ranged from 1:0 to 1:2, allowing
us to obtain HDL; particles with apoA-IL:apoA-I+apoA-II
percentage mass ranging from 8 up to 88%.

Native polyacrylamide gradient gel electrophoresis

Apparent hydrodynamic diameters of HDLs were
estimated by electrophoresis in 15-250 g/1 polyacry-
lamide gradient gels according to the general procedure
previously described (14). At the end of the electropho-
resis, the gels were stained with Coomassie Brilliant Blue
G, and the distribution profiles of HDL3 were obtained
by analysis of the gel on a Bio-Rad GS-670 imaging
densitometer. The mean apparent diameters of HDL;
subfractions were determined by comparison with
globular protein standards (high molecular weight pro-
tein calibration kit, Pharmacia Biotech Inc.) that were
submitted to electrophoresis together with the samples.
The mean size of the heterogenous HDL3 subfractions
was calculated from the total area under the correspond-
ing densitometric curve. Fifty percent of the total area
were of smaller size and 50% of the total area were of
larger size as compared with the mean size value.

Agarose gel electrophoresis

The electrophoretic mobility (U) of HDLs particles
was determined by electrophoresis on 0.5% agarose gels
(Paragon Lipo kit, Beckman) according to the method
described by Sparks and Phillips (15). Briefly, the gels
were cast in a Sebia Tank K20 system, and electropho-
resis was performed for 45 min at 100 V in barbital
buffer, pH 8.6. After electrophoresis, the gels were
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successively fixed for 5 min in an ethanol-acetic
acid-water 60:10:30 solution, dried, stained for 5 min
with a 0.07% solution of Sudan Black B in ethanol-water
55:45, and destained for 10 min with a solution of
ethanol-water 45:55. In parallel, gel portions containing
purified bovine serum albumin, which was used as an
internal standard, were stained with a 0.8 g/1 solution
of Coomassie Brilliant Blue G 250 in perchloric acid,
0.33 mol/], and destained in a solution of methanol-ace-
tic acid-water 35:25:40. Mean migration distances were
obtained by analysis of the gel on a Bio-Rad GS-670
imaging densitometer.

Calculation of electrophoretic mobility and net
charge of HDL;s particles

Surface charges of HDL3 were estimated by using the
equations given by Sparks and Phillips (15). Electro-
phoretic mobilities (U) were calculated by dividing the
electrophoretic velocity (mean migration distance
(mm)/time(s)) by the electrophoretic potential (voltage
(V)/gel distance (cm)). To correct the pl-dependent
retardation effects, the following equation was applied
(15):

U corrected = (U agarose - 0.136)/ 1.211 Eq. 1)

The net charge of particles (V) were estimated by this
relationship:

V=(1.049 x 107) U r (1 + kr + kry) / (f(1 + kry))
Eq. 2)

where V is the number of excess positive or negative

charges per particle; U is the electrophoretic mobility
of the particle (mm V s cm1); r is the particle hydro-
dynamic radius (cm); 1; is the counterion radius (Na:

2.5 x 108 cm); n is the coefficient of viscosity (0.0089
poise); k is the Debye-Huckel constant which is calcu-
lated from the electrolyte ionic strength (I) by the fol-
lowing equation:

k = 105 / (3.06 x 10%) Eq. 3)

and f is function of the particle size and the thickness
of the ionic double layer surrounding it. For a solvent
ionic strength of 0.05, the following equation gives
the dependence of fon r:

£=(3.66 x 105 r) + (~1.74 x 1011r2) + (3.54 x 1016¢3) +
(-1.8 x 1021r4) + 0.979 Eq. 4)

The density of surface charge (Cd) of the particle in
esu/cm? was estimated by the following equation:

Cd=Vx48x1010 /4 712 Eq. 5)

Finally, the surface potentials of lipoproteins were cal-
culated by using the Henry's equation (15):

S=Ux6mn/D Eq. 6)

where D is the solvent dielectric constant.

Preparation of radiolabeled LDL

LDL were biosynthetically labeled according to the
procedure previously described (13). Briefly,ad > 1.13
g/ml plasma fraction obtained after ultracentrifugation
of 20 m! of normolipidemic plasma was dialysed against
TBS and then incubated for 24 h at 37°C with 10 nmol
of [1a, 2a -3H]cholesterol (sp act, 46 Ci/mmol; Amer-
sham Corp.) to allow cholesterol esterification by leci-
thin:cholesterol acyltransferase. Subsequently, the
1.019 <d < 1.055 g/ml fraction obtained from 10 ml of
plasma was added to the incubated mixture. The incu-
bation was then prolonged for 6 h to allow the transfer
of radiolabeled cholesteryl esters from HDLs towards
LDL. Finally, radiolabeled LDL (3H-CE-LDL) were re-
covered by sequential ultracentrifugation.

Radiolabeling of HDL; subfractions

Individual HDLj3 subfractions isolated from the
MonoQ) column were radiolabeled by incubation in the
presence of radiolabeled LDL and purified CETP.
Briefly, HDL3 subfractions (100 nmol of cholesterol),
3H-CE-LDL (75 nmol of cholesterol), and CETP (25 png
of protein) were incubated for 24 h at 37°C in a final
volume of 200 pl. Subsequently, 3H-CE-HDL;3 subfrac-
tions were recovered by sequential ultracentrifugation.
As observed by using agarose gel electrophoresis, radi-
olabeling of HDLj3 subfractions did not affect their
electrostatic charge.

Purification of cholesteryl ester transfer protein

CETP was purified from 2500 ml of citrated, nor-
molipidemic human plasma by using a combination of
the procedures previously described (13, 16). Briefly,
the plasma protein fraction precipitated with ammo-
nium sulfate between 35 and 55% of saturation was
subjected to ultracentrifugation at a density of 1.25
g/ml. The resulting d > 1.25 g/ml fraction was then
subjected successively to hydrophobic interaction chro-
matography on a phenyl-Sepharose CL4B column
(Pharmacia, Uppsala, Sweden), to cation exchange chro-
matography on a carboxymethyl-cellulose column
(Whatman, Kent, UK), to affinity chromatography on
an heparin-Ultrogel A4R column, and to anion ex-
change chromatography on a Mono Q HR 5/5 column
(Pharmacia). Chromatographic separations were per-
formed on an FPLC system (Pharmacia) at 4°C, with the
exception of anion-exchange chromatography which
was conducted at room temperature. A linear gradient
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Absorbance 280 nm (

ranging from 0 to 0.5 mol/} of NaCl was used to elute
the cholesteryl ester transfer activity from the Mono Q
column. The active fractions, which were eluted with a
Tris 20 mmol/1, NaCl 150 mmol/1 (pH 7.4) buffer were
pooled, aliquoted, and stored at -80°C. The CETP prepa-
ration was deprived of both LCAT and phospholipid
transfer protein (PLTP) (16).

Measurement of cholesteryl ester transfer activity

Cholesteryl ester transfer activity was determined by
measuring the transfer of radiolabeled cholesteryl esters
either from 3H-CE-LDL to unlabeled acceptor HDL3 or
from 3H-CE-HDLjs to unlabeled acceptor LDL (13).
Briefly, the radiolabeled lipoprotein donor (2.5 nmol of
cholesterol) and the uniabeled lipoprotein acceptor (10
nmol of cholesterol) were incubated for 3hat 37°Cin the
presence of partially purified CETP (4.5 ug) in a final
volume of 50 ul. At the end of the incubation, the tubes
were immediately placed on ice, and a 45-yl volume of
each incubated mixture was added to 1.95 mlofa d 1.07
g/ml KBr solution in 2-ml Quickseal centrifugation
tubes (Beckman). The tubes were then sealed and ul-
tracentrifuged for 18 hat 35,000 rpmina 50.4 Tirotor, in
an L7 ultracentrifuge (Beckman). At the end of the
ultracentrifugation run, the d < 1.068 and the d > 1.068
g/ml fractions were recovered in 1-ml volumes and
transferred into counting vials containing 2 ml of scintil-
lation fluid. The radioactivity was assayed for 2 min in a
Wallac 1410 liquid scintillation counter (Pharmacia).
The recovery of total radioactivity in the d <1.068 and in
the d > 1.068 g/ml fractions was greater than 95%. In
non-incubated controls containing the radiolabeled lipo-
protein donor and the unlabeled lipoprotein acceptor,

constantly less than 10% of the radioactivity was recov-
ered in the unlabeled lipoprotein fraction. Cholesteryl
ester transfer was expressed as the percentage of total
radioactivity transferred from the lipoprotein tracer
towards the d > 1.068 g/ml or d < 1.068 g/ml fractions,
after deduction of blank values from control mixtures
which were kept at 4°C. Control values in mixtures
incubated at 37°C containing lipoprotein substrates but
with no purified CETP added did not differ significantly
from blank values in control mixtures maintained at 4°C.
These data indicate, therefore, that isolated lipoprotein
fractions were deprived of active endogenous CETP.

Protein and lipid analyses

All chemical assays were performed on a Cobas-Fara
Centrifugal Analyzer (Hoffmann-La Roche). Total cho-
lesterol, unesterified cholesterol, triglyceride, and phos-
pholipid concentrations were measured by enzymatic
methods using Boehringer Mannheim reagents. Con-
centrations of apoA-I and apoA-II were determined by
immunoturbidimetry with anti-apoA-1 and anti-apoA-II
antibodies purchased from Behringwerke AG (Marburg,
Germany). ApoA-l standard was purchased from Be-
hringwerke AG. ApoA-lI standard was purchased from
Immuno AG (Vienna, Austria).

RESULTS

Fractionation and characterization of plasma HDL;

HDL; ultracentrifugally isolated from human plasma
were fractionated on the basis of their electrostatic
charge by using anion exchange chromatography (see

)

Fig. 1. Fractionation of plasma HDLs; by anion
exchange chromatography. The HDLs fraction iso-
lated from normolipidemic human plasma was ap-
plied on a Mono Q HR 5/5 column. Bound proteins
were then eluted by a continuous salt gradient rang-
ing from 0 to 0.4 mmol/1 of NaCl (see Materials and
Methods). The chromatogram is representative of
.2 five similar experiments.

NaCl (moliiter) (————)

r™rTrrryrfrrerrprvyvrroepr oo Tid T v T
1] 5 10 15 20 25 ] 35
Fraction number
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Materials and Methods). As shown in Fig. 1, which
presents one typical elution profile, plasma HDLs eluted
as a heterogenous broad peak in the 0.1-0.3 mol/1 NaCl
concentration range. The HDL;3 particles with the lowest
electronegativity were eluted in the earlier subfractions,
whereas the particles with the highest electronegativity
were retained longer. Collected 2-ml fractions were
pooled in order to obtain 9 distinct subfractions (sub-
fractions 7-9, 10-11, 12-13, 14-15, 16-17, 18-20,
21-23, 24-26, and 27-30), each containing approxi-
mately 100 ug of total cholesterol.

Agarose gel electrophoresis revealed that total HDL3
were constituted of a mixture of particles with a migra-
tion distance ranging between 17 mm and 29 mm,
corresponding to electronegative charge densities rang-
ing between -1,700 and -2,500 esu/cm?, respectively. In
support of the higher electronegativity of the long-re-
tained particles, the elution delay of HDL3 from the
Mono-Q column and their migration distance on
agarose gel increased in parallel. As shown in Fig. 2, the
mean migration distance on agarose gel increased
gradually from 18.9 mm for subfraction 7-9 to 26.5 mm
for subfraction 27-30.

As described under Materials and Methods, the mean
apparent diameter of HDL3 was determined by compari-
son with protein standards of known size that were

Fraction number
i Total HDL
1 1
! 7-9
|

|\ 1011
__Aim

! I

14-15

1617
18-20

/oo

L BSA
/7 1
18.{23-5 28.0

Absorbance ( 633 nm )

Migration distance (mm)

Fig. 2. Electrophoretic profiles of plasma HDLs subfractions in
agarose gel. HDLs subfractions (5 pug of protein) isolated by anion
exchange chromatography were submitted to electrophoresis in a
1044l volume in 0.5% agarose gels (see Materials and Methods).
Migration profiles were obtained by analysis of agarose gels on an
imaging densitometer. Bovine serum albumin (BSA) was run on each
gel as a standard.

10-11

12-13

1415

16-17
18-20

223
27:30
TN
I
I Total HDU,
[

Particle diameter (nm)

Absorbance (633 nm)

Fig. 3. Particle size distribution of HDL3 subfractions separated by
anion exchange chromatography. HDLs particles (5 ug of protein)
were submitted to electophoresis on native 15-250 g/1 polyacrylamide
gradient gel in 2 104ul volume, and were analyzed by laser densitomet-
ric scanning, as described under Materials and Methods. These results
are representative of four similar experiments.

submitted to electrophoresis together with the sample.
The densitometric analysis of polyacrylamide gradient
gels revealed that total HDLs were constituted of a
mixture of distinct subfractions with mean apparent
diameters ranging from approx. 7.50 nm up to approx.
10.50 nm. Only 10% of total HDL3 exhibited mean
diameters greater that 10.00 nm. The analysis of HDL3
on polyacrylamide gradient gels revealed that each iso-
lated subfraction was constituied, in fact, of a mixture
of several distinct subpopulations (Fig. 3). In spite of the
heterogenous distribution of HDL3 subfractions eluted
from the MonoQ column, a mean apparent diameter
was calculated for each Mono-Q fraction (see Materials
and Methods). The mean apparent diameter of HDLg
was 8.78 nm and a gradual increase in the mean size of
HDIL; from subfraction 7-9 to subfraction 27-30 was
observed (Table 1).

The charge characteristics of HDLs, i.e., the density
of surface charges and the surface potentials, were
calculated from both the electrophoretic mobility in
agarose gel and from the Stoke's radius of the lipopro-
tein particles by using the equations reported by Sparks
and Phillips (15) (see Materials and Methods). As shown
in Table 1, the surface potential (expressed in mV), as
well as the density of surface charge (expressed in elec-
trostatic unit (esu) per cm?) increased gradually from
subfraction 7-9 to subfraction 27-30.
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TABLE 1. Size and charge characteristics of plasma HDL; subfractions isolated by anion exchange

chromatography
Fraction Number Particle Diameter Agarose Migration Surface Potential Density of Surface Charge
nm mm -mV -esu/cm?

7-9 8.60 18.9 9.4 1,820
10-11 8.70 222 10.7 2,060
12-13 8.76 233 11.1 2,140
14-15 8.76 24.0 114 2,190
16-17 8.84 24.8 11.7 2,240
18-20 9.00 24.8 11.7 2,230
21-23 9.00 25.1 11.8 2,250
24-26 9.10 25.4 11.9 2,260
27-30 9.34 26.5 12.4 2,330

Ultracentrifugally isolated HDLs were separated on a MonoQ column, and their size and electric charge
were determined by polyacrylamide gradient gel electrophoresis and agarose gel electrophoresis, respectively
(see Materials and Methods). Surface potentials and charge densities were calculated as described under

Materials and Methods.

The differences in the charge characteristics of vari-
ous HDL subfractions were associated with differences
in their lipid and apolipoprotein composition. As pre-
sented in Table 2, the first eluted subfractions contained
particles rich in apolipoproteins, mainly apoA-l, but
relatively poor in core lipids, cholesteryl esters, and
triglycerides. As the elution time progressively increased
from subfraction 7-9 to subfraction 27-30, the total
lipid content of HDLs particles tended to increase
gradually, due mainly to a marked enrichment of the
lipoprotein core with cholesteryl esters and trigly-
cerides. In the meantime, the apolipoprotein content of
HDL3 particles was substantially reduced, and an ap-
proximately 2-fold decrease in the apoA-I content of
subfraction 27-30 as compared with subfraction 7-9 was
observed. In contrast, the apoA-II content tended to be
higher in the long-retained HDL3 subfractions than in
subfraction 7-9 (Table 2). As a consequence, the A-IL:A-
I+A-II ratio was more markedly increased in the last
eluted subfractions than in the first ones (Table 2).

The density of surface negative charges of HDL3
correlated positively with their size and their relative
content in cholesteryl ester, triglyceride, free choles-

terol, and apoA-Il, but negatively with their relative
content in apoA-l (Table 3). Cholesteryl ester, free
cholesterol, triglyceride, apoA-l, apoA-11, and HDL size,
when combined in a multi-variable model accounted for
90% of the variability in the density of negative charges
in HDL3. In the multi-variable model, only cholesteryl
ester, triglyceride, apoA-l, and particle size reached the
significance level (P =0.013, P = 0.045, P = 0.002, and P
= 0.013, respectively; n = 25).

Effect of the electronegative charge of HDL3
particles on cholesteryl ester transfer activity

In order to determine the influence of the electro-
negative charge of HDL;3 particles on the CETP-medi-
ated neutral lipid transfer process, we compared the
ability of the various HDL3 subfractions eluted from the
Mono-Q column to exchange radiolabeled cholesteryl
esters with isolated LDL in the presence of purified
CETP (see Materials and Methods). As shown in Figs.
4-6, significant differences appeared in the ability of the
different HDL3 subfractions to act as substrate in the
CETP-mediated cholesteryl ester transfer reaction. With
all the HDL3 series studied, the rate of radiolabeled

TABLE 2. Composition (mass percent) of plasma HDL; subfractions isolated by anion-exchange chromatography

Fraction Number  Free Cholesterol  Phospholipids  Cholesteryl Esters
7-9 1.6 22.8 13.4
10-11 2.2 25.4 18.1
12-13 2.5 26.2 18.8
14-15 2.6 26.6 20.5
16-17 2.6 26.2 20.9
18-20 2.5 23.9 21.0
21-23 3.0 26.4 23.4
24-26 3.1 25.3 24.6
27-30 3.4 27.7 25.6
Total HDLs 2.7 25.6 21.2

Triglycerides ApoA-l ApoA-Il ApoA-+A-l  AILA-I+A-II%
34 47.7 11.2 58.9 19
4.3 37.6 12.4 50.0 25
4.8 352 12.5 47.7 26
4.8 33.1 12.4 455 27
4.9 29.5 15.9 45.4 35
49 29.3 18.3 47.6 38
5.0 25.3 16.9 42.2 40
54 25.4 16.3 41.7 40
5.7 23.3 14.3 37.6 38
5.0 31.7 13.8 455 30

Ultracentrifugally isolated HDLs particles were separated on a MonoQQ column as described under Materials and Methods. Values are

representative of five similar experiments.
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TABLE 3. Correlation of the protein and lipid contents of HDLs with HDLs, electronegativity

Charge Density (-esu/ cm?)
r P
Free cholesterol 0.531 0.0063
Phospholipids 0.160 0.4458
Cholesteryl esters 0.402 0.0465
Triglycerides 0.436 0.0292
Total neutral lipids (cholesteryl esters + triglycerides) 0.504 0.0101
Total lipids 0.409 0.0426
ApoA-1 0.713 0.0001
ApoA-Il 0.678 0.0002
Total protein (apoA-I + apoA-II) -0.403 0.0459
Size 0.449 0.0243

HDL; isolated by anion-exchange chromatography were analyzed for their charge density and their lipid
and protein composition (see Materials and Methods); 7, coefficient of correlation; P, significance level.

cholesteryl esters transferred from 3H-CE-LDL towards
HDL; was progressively enhanced as the negative
charge density of HDL3 particles increased, until the
maximal transfer value was reached with a mean charge
density of -2,230 esu/cm? (mean surface potential, -11.6
mV) (Fig. 4). Interestingly, as the charge density in-
creased above the mean value of -2,230 esu/cm?, a
progressive decrease in the cholesteryl ester transfer
rate was observed (Fig. 4). In spite of slight variations
from one series of experiments to the other, concordant
observations were made when HDIL3 subfractions were
added to the incubation mixtures on the basis of either
their protein, cholesterol, or phospholipid content, and
in all cases the optimal charge densities corresponding
to the maximal transfer value ranged between -2,200
and -2,250 esu/cm? (surface potential ranging between
-11.5 and -11.8 mV) (Fig. 5). In addition, consistent data
were obtained when cholesteryl ester transfer was meas-
ured not from 3H-CE-LDL towards HDL3 but in the
opposite direction, from various 3H-CE-HDLj subfrac-
tions towards LDL (Fig. 6). The maximal transfer rate
of cholesteryl esters from 3H-CE-HDL3 towards LDL was
reached with an optimal surface potential of -11.8 mV
(Fig. 6).

Enrichment of immunopurified HDLs-A-I particles
with apoA-II: effect on charge characteristics and
CETP activity

In order to determine the effect of alterations in the
protein moiety of HDLj particles on their electronega-
tive charge, HDL3-A-I were isolated from human plasma
and were progressively enriched with apoA-II as de-
scribed under Materials and Methods. In accordance
with previous studies from our laboratory (13, 17), the
replacement of apoA-I by apoA-II, which allowed us to
obtain five HDL3 subfractions with AII:AI+All percent-
age mass ranging from 8.3 to 88.0%, was not accompa-
nied by marked changes in the mean size and lipid
composition of the particles (results not shown). As

shown in Table 4, the electronegative charge of HDLs
particles decreased progressively from subfraction I to
subfraction V as apoA-I was replaced by apoA-11.

In a second step, the ability of various apoA-Il-en-
riched HDLs to exchange radiolabeled cholesteryl esters
with LDL in the presence of purified CETP was com-
pared. In accordance with previous data obtained with
plasma HDLs subfractions (Figs. 4-6), the rate of
cholesteryl ester transferred towards apoA-Il-enriched

“©1A

30{C

20

Transter of radiolabeled cholestery! esters
from 3H-CE-LDL to HDLs (%)
g3

101

0 y Y Y y—r—r
1800 1900 2000 2100 2200 2300 2400
Charge density ( -eswcm? )

Fig. 4. Effect of the density of electronegative charges of plasma
HDLs subfractions on the rate of radiolabeled cholesteryl esters
transferred from LDL to HDLs. Mixtures containing SH-CE-LDL (2.5
nmol of cholesterol), HDLs subfractions isolated by anion-exchange
chromatography (10 nmol of cholesterol), and CETP were incubated
for 3 h at 37°C. At the end of the incubation, the rate of radiolabeled
cholesteryl esters transferred was determined after separation of LDL
and HDL; fractions by ultracentrifugation as described under Materi-
als and Methods. The figure shows results from three independent
experiments (A, B, and C). Each point represents the mean + SD of
triplicate determinations.
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Fig. 5. Relationships between cholesteryl ester transfer activity and
electronegativity of HDL; when added on the basis of their protein,
cholesterol, or phospholipid contents. Experimental conditions were
as described in the legend to Fig. 4, except that HDLs subfractions
were added on the basis of either their protein content (final concen-
tration, 10 pg of protein; panel A), their cholesterol content (final
concentration, 10 nmol of cholesterol; panel B), or their phospholipid
content (final concentration, 6 pg of phospholipid; panel C). Each
point represents the mean * SD of triplicate determinations in panel
A, and the mean of duplicate determinations in panels B and C.

HDLs3 increased progressively as the density of negative
charge increased (Fig. 7). An optimal charge value ap-
proximating -2,200 esu/cm? tended to be reached only
in experiment 7A, while no maximal value was observed
in experiment 7B,

Enrichment with apoA-II of the most
electronegatively charged plasma HDL;
subfractions: effect on charge characteristics and
CETP activity

In order to confirm that a maximal transfer value
corresponded to an optimal electronegative charge not
only with plasma HDLs subfractions but also with apoA-
Il-enriched HDL3, apoA-II was substituted for apoA-I in
the most electronegatively charged plasma HDL;3 sub-
fractions (mean surface potential, -12.2 mV; mean sur-
face charge density, -2,290 esu/cm?), corresponding to
the last subfractions eluted from the Mono-Q column.
As shown in Table 5, the electronegative charge of
HDL3 particles decreased progressively from subfrac-
tion I to subfraction VII, as the AII:AI+AII percentage
mass increased from 29.6 up to 82.7%, respectively.

Again, as observed above with plasna HDL3 subfrac-
tions (Figs. 4 and 6) and immunopurified HDL3-A-1
enriched with apoA-II (Fig. 7A), the rate of cholesteryl

1586 Journal of Lipid Research Volume 37, 1996

esters transferred from 3H-CE-LDL towards the most
electronegative plasma HDLs subfractions enriched
with apoA-II increased up to a maximal value when an
optimal electrostatic charge, approximating in that case
2,200 esu/cm? (surface potential, -11.6 mV) was
reached (Fig. 8).

DISCUSSION

The role of electronegative charges in mediating the
interaction of CETP with lipoprotein substrates has
been demonstrated in previous studies by using lipopro-
teins that were modified in vitro with either lipolytic
enzymes or chemical agents (6, 8, 10). In the present
study, the use of anion-exchange chromatography,
which allowed us to obtain several HDL; subfractions of
distinct electronegative charge, presents several advan-
tages over previous methods in which HDL were frac-
tionated on the basis of their electrical properties. In-
deed, with the previously used techniques of isoelectric
focusing (IEF) (18, 19), isotachophoresis (20, 21), or
chromatofocusing (22), the various lipoprotein subfrac-
tions were separated according to a wide pH gradient
and their migration was dependent on their isoelectric
point. In the present study, anion-exchange chromatog-
raphy on MonoQ) column allowed us to obtain the rapid
fractionation of HDL; particles at a constant physiologi-
cal pH of 7.4, which was based on the direct interaction
of negatively charged groups of the lipoprotein sub-
strates with the positively charged, quaternary amine
groups of the MonoQ column. This latter method led
to the separation of 9 distinct HDL3 subfractions with
different electrophoretic mobilities and composition.

N
o

Transfer of radiolabeled

cholesteryl esters from

3-H-CE-HDL3 to LDL (%)
°

0 T v v T
1800 2000 2100 2200 2300 2400
Chargs density (- esuw/cm2)

Fig. 6. Effect of the density of electronegative charges of plasma
HDL;s subfractions on the rate of radiolabeled cholesteryl esters
transferred from HDL; to LDL. HDLs subfractions were radiolabeled
as described under Materials and Methods. Mixtures containing SH-
CE-HDL; subfractions (2.5 nmol of cholesterol), LDL (10 nmol of
cholesterol), and CETP were incubated for 3 h at 37°C. At the end of
the incubation, the rate of radiolabeled cholesteryl esters transferred
was determined after separation of LDL and HDLs fractions by
ultracentrifugation as described under Materials and Methods. Each
point represents the mean + SD of triplicate determinations.
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TABLE 4. Physicochemical characteristics of immunopurified HDLs-A-1 after enrichment with apoA-I1

Fraction Number AILAT+A-II% Agarose Migration Particle Diameter Surface Potential Density of Surface Charge
mm nm -mV -esu/cm?

1 8.3 25.0 9.4 11.8 2,210

II 29.1 24.8 9.6 11.7 2,190

I 49.4 24.4 9.7 11.6 2,150

v 69.7 234 9.9 11.2 2,070

\% 88.0 22.0 10.0 10.6 1,960

Immunopurified HDLs-A-1 were progressively enriched with apoA-II and their size and electric charge were determined as described under

Materials and Methods.

Whereas the apolipoprotein A-1 and A-II contents of
MonoQ subfractions with a high and low electronega-
tive potential were in quite good agreement with the
apolipoprotein content of acidic and alkaline HDL frac-
tions isolated by IEF (19), some discrepancies appeared
while trying to connect the lipid composition of HDL
subfractions obtained with either techniques. This latter
point might be explained both by differences in the
starting plasma HDL fraction, and by differences in the
criteria used to fractionate HDL, i.e., either the isoelec-
tric point with IEF or the number of negative charges
with anion-exchange chromatography. In fact, we report
in the present study that the density of negative charges
at the HDLs surface correlated significantly with a
number of parameters, including mainly the apoA-l
content, the cholesteryl ester content, the triglyceride
content, and the size of HDL3. These observations were
in good agreement with recent studies that demon-
strated that the charge characteristics of HDL particles,
as determined by the electrophoretic evaluation of HDL
electronegativity on agarose gel (15), are determined
both by the presence of acidic lipids and by the confor-
mation of apolipoproteins at the lipoprotein surface
(23). As the apolipoprotein conformation itself is de-
pendent of the neutral lipid core and the shape of HDL
particles (23), it results that the surface potential of HDL
is mainly a function of their lipid content. In support of
this latter view, unesterified cholesterol (24, 25) and
neutral lipids (23) were demonstrated to alter markedly
the electrical properties of HDL as the result of changes
in the conformation of apoA-I. More precisely, detailed
studies with both spherical and discoidal recombinant
HDL revealed that the surface charge characteristics of
apoA-I-containing particles is dependent directly on
apoA-I o-helix stability (25, 26). In other words, in-
creased charge potential of HDL would result from the
destabilization of apoA-I o-helical structure, as induced
by lipid components (25, 26).

When plasma HDLj subfractions with different elec-
tronegative charge were studied for their ability to act
as substrates in the CETP-mediated cholesteryl ester
transfer reaction, marked differences from one subfrac-
tion to another were observed. The most striking point

of these studies was the requirement of an optimal
charge value of HDLs, probably reflecting an optimal
interaction with CETP, to obtain the maximal transfer
rate. One similar tendency has been reported in pre-
vious in vitro studies in which lipoprotein fractions were
progressively enriched with negatively charged non-
esterified fatty acids (8, 11). Indeed, the CETP-mediated
transfer of radiolabeled cholesteryl esters among iso-
lated lipoprotein fractions has been shown to be pro-
gressively activated with low concentrations of NEFA,
but inhibited with high concentrations of NEFA (8, 11).
As proposed by Nishida, Arai, and Nishida (8), the dual
effect of NEFA on CETP activity, depending on its final
concentration in the incubation mixtures, might be
explained in terms of optimal electrostatic interactions

g 2 A
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Fig. 7. Effect of the enrichment with apoA-II of immunopurified
HDL;s-A-I on their electronegativity and on the rate of radiolabeled
cholesteryl esters transferred from LDL to HDLs. HDLs-A-1 were
immunopurified, and progressively enriched with apoA-II as de-
scribed under Materials and Methods (see Table 4). Mixtures contain-
ing SH-CE-LDL (2.5 nmol of cholesterol), HDLs (10 nmol of choles-
terol), and CETP were then incubated for 3 h at 37°C. At the end of
the incubation, the rate of radiolabeled cholesteryl esters transferred
was determined after separation of LDL and HDLs fractions by
ultracentrifugation as described under Materials and Methods. The
figure shows results from two independent experiments (A and B).
Each point represents the mean + SD of triplicate determinations.
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TABLE 5. Physicochemical characteristics of the most electronegative HDLs subfractions enriched with apoA-I1

Fraction Agarose Migration Particle Diameter Surface Potential Density of Surface Charge A-ALAT+ A
mm nm -mV -esu/cm?
%
1 26.0 9.35 12.2 2,290 29.6
11 25.8 9.25 12.1 2,280 31.6
I 255 9.35 12.0 2,255 34.0
v 25.0 9.35 11.8 2,215 36.2
\% 24.6 9.25 11.6 2,195 40.7
VI 23.8 9.35 11.3 2,150 48.3
vii 23.0 9.20 11.0 2,090 82.7

The most electronegatively charged HDLs subfractions, corresponding to the last subfractions eluted from the monoQ column, were pooled
(fraction I) and then progressively enriched with apoA-IL Their size and electric charge were determined as described under Materials and

Methods.

that are required for maximal cholesteryl ester transfer
activity.

Although the lipid content of HDL constitutes the
major determinant of the HDL electrostatic charge (23),
the apolipoprotein content might also affect electrical
properties. In order to investigate this latter hypothesis,
we chose in the present study to replace apoA-I by
apoA-Il progressively either in immunopurified HDL;
particles containing mainly apoA-I or in the plasma
HDL3 subfractions with the highest electronegativity
corresponding to the last fractions eluted from the
MonoQ) column. These experimental approaches al-
lowed us to obtain HDL3 particles with similar size and
lipid composition but with marked alteration in their
apoA-I and apoA-II contents (13, 17). The replacement
of apoA-I by apoA-II was characterized by a progressive
decrease in the density of electronegative charges at the
HDLs surface. As the substitution of apoA-II for apoA-I
was not accompanied by substantial changes in the lipid
composition of HDL, it can be concluded that the low
electronegativity of apoA-ll-enriched HDLs is directly
linked to alterations in its apolipoprotein content. At
least two mechanisms might account for this latter point.
On the one hand, the replacement of apoA-I by a less
negatively charged apolipoprotein, i.e., apoA-II, would
directly account for the lower electronegativity of apoA-
Il-enriched HDLs. In support of this hypothesis, Rye and
Barter (27) demonstrated that lipid-free apoA-I has a
higher electrophoretic mobility than apoA-Il, and that
recombinant particles containing only apoA-l have a
higher electrophoretic mobility than recombinant par-
ticles containing only apoA-II. On the other hand, based
on observations of Sparks and coworkers (23, 24) who
demonstrated that alterations in the lipoprotein struc-
ture and composition can induce changes in the o-helic-
ity and charge characteristics of apoA-I, subtle structural
changes in the apoA-Il-enriched HDL3 as compared with
non-enriched homologous particles might modify the
conformation of proximal apoA-I molecules, and as a
result might modify the overall charge properties of
HDLs. Davidson and coworkers (23) proposed that al-
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terations in the charge properties of apoA-I might relate
directly to changes in the ionization of acidic and basic
amino acid residues.

In accordance with previous studies from our labora-
tory (13, 28), we observed that the replacement of apoA-I
by apoA-II in plasma HDL3 was associated with a signifi-
cant and progressive decrease in the CETP-mediated
exchange of radiolabeled cholesteryl esters between
HDLs and LDL lipoprotein fractions. In contrast, by
using recombinant HDL, Rye and Barter (27) did not
find significant apoA-Ilinduced alterations in CETP
activity. However, in that latter study, experiments were
conducted with artificial particles that contained either
only apoA-I or only apoA-II but not both apolipoprote-
ins, and CETP activity was evaluated by using a less
sensitive assay that measured the net mass of neutral
lipids transferred from one lipoprotein substrate to the
other. In fact, the precise role of apoA-I and apoA-Il in
determining CETP activity has been widely discussed
during the past few years, and different conclusions
arose from distinct studies. In particular, apoA-1I has
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Fig. 8. Effect of the enrichment with apoA-1Il of the most electro-
negative plasma HDL; subfractions on their electronegativity and on
the rate of radiolabeled cholesteryl esters transferred from LDL to
HDLs. The HDLs subfractions with the highest electronegativity,
corresponding to the last fractions eluted from the MonoQ} column,
were pooled and progressively enriched with apoA-II (see Table 5).
Mixtures containing 3H-CE-LDL (2.5 nmol of cholesterol), HDLs (10
nmol of cholesterol), and CETP were then incubated for 3 h at 37°C.
Atthe end of the incubation, the rate of radiolabeled cholesteryl esters
transferred was determined after separation of LDL and HDL; frac-
tions by ultracentrifugation as described under Materials and Meth-
ods. Each point represents the mean + SD of triplicate determinations.
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been described as an inhibitory (13, 28, 29), neutral (30),
or activating (31) factor by using various experimental
systems. In fact, Davidson and coworkers (23) demon-
strated that the major determinant of HDL charge is the
composition of the neutral lipid core, suggesting that
the electronegative charge of plasma HDLs subfrac-
tions, and consequently their ability to interact with
CETP, was dependent mainly on their neutral lipid
content rather than on their apoA-Il:apoA-I+apoA-Il
mass ratio.

Interestingly, striking similarities appeared when con-
necting cholesteryl ester transfer rates with the density of
electronegative charges of HDL3 subfractions that were
either enriched in vitro with apoA-II or isolated directly
from human plasma by using anion-exchange chroma-
tography. Indeed, with all the experimental systems used
in the present study, the maximal cholesteryl ester trans-
fer rates tended to be observed with a surface potential of
approximately -11.7 mV (mean density of electronega-
tive charges ranging between -2,200 and -2,250
esu/cm?). In other words, different alterations in the
lipid and apolipoprotein composition of HDLs, but
leading to the similar optimal electronegative charge,
could contribute to the maximal cholesteryl ester trans-
fer rate. However, it is noteworthy that despite strong
similarities in the shape of the transfer curves obtained
with the various HDL3 subfractions used in the present
study, large fluctuations in the absolute cholesteryl ester
transfer rates measured with each series were observed,
suggesting that for one given electrostatic charge value
other factors may modulate CETP activity. In addition, it
is uncertain whether the maximal transfer activity occur-
ring at -2,200/-2,250 esu/cm? is a general property of
CETP rather than a unique property of the LDL/HDL3
transfer system used in the present study. The role of
lipoprotein electronegative charge in determining the
maximal transfer rate among other plasma lipoprotein
fractions deserves further investigation.

In conclusion, results of the present study demon-
strated that the electronegative charge of plasma HDLs
subfractions represents one major determinant of the
maximal cholesteryl ester transfer rate. As plasma lipo-
proteins constitute a complex mixture of different sub-
fractions with distinct composition and charge proper-
ties, the data discussed in the present manuscript may
be of physiological interest. They suggest that the modu-
lation of CETP activity by non-esterified fatty acids (9,
32, 33), free cholesterol (34, 35), phospholipids (6), and
neutral lipids (36, 37) might, in fact, be directly mediated
through alterations they induce in the electric charge
properties of lipoprotein substrates.fil
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