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Abstract The effects of different acylglycerides on the con-
formation and charge of apolipoprotein A-I (apoA-I) have
been investigated in reconstituted high density lipoproteins
(LpA-I). Various amounts of diacylglycerol (DG) and triacyl-
glycerol (TG) were incorporated into sonicated spherical
LpA-I particles containing 2 molecules of apoA-I and 80
molecules of phospholipid. Inclusion of 30 molecules of
TG into the LpA-I particle increases the net negative charge
of apoA-I (

 

2

 

8.5 to 

 

2

 

9.3 mV), but has little effect on the
amount and thermodynamic stability of the 

 

a

 

 helices in
apoA-I. Incorporation of 30 molecules of DG into the lipo-
protein complex promotes a small increase in the 

 

a

 

-helix
content and stability, but greatly increases the net negative
charge of apoA-I (

 

2

 

8.5 to 

 

2

 

11.2 mV). Inclusion of DG in-
creases the immunoreactivity of two epitopes in the N ter-
minus of apoA-I, but decreases the exposure of a domain
closer to the C terminus (residues 148–186) of the apopro-
tein. In contrast, TG increases the exposure of epitopes
over the entire apoA-I molecule; TG increases the immu-
noreactivity of epitopes for 13 different monoclonal anti-
bodies to apoA-I. Incubations with purified lecithin:choles-
terol acyltransferase show that cholesterol esterification is
stimulated by DG, but inhibited by TG.  The data show
that TG and DG have different effects on apoA-I structure
and function and this suggests that the TG-to-DG ratio in
HDL may directly affect the metabolism of this lipoprotein
class.
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Numerous studies have shown that plasma high density
lipoprotein (HDL) cholesterol levels are inversely related
to the risk of atherosclerotic cardiovascular disease (1, 2).
Many investigations have attempted to elucidate the meta-
bolic function of this lipoprotein class and the mechanism
by which HDL affects cholesterol metabolism and de-

 

crease atherosclerotic risk. Studies have shown that
changes in HDL composition dictate unique structural
characteristic properties to this molecule that alter the
functional properties of HDL particles (3–10). Changes
in HDL structure and charge also directly affect HDL me-
tabolism in vivo and appear to regulate HDL clearance
from the plasma (11, 12). Therefore, the composition-
dependent biophysical properties of HDL appear able to
govern the metabolism of this lipoprotein class and af-
fect cholesterol homeostasis.

Human plasma HDL has been shown to be approxi-
mately 50% protein and 50% lipid by weight. Phospho-
lipid (PL) and cholesteryl esters (CE) are the major lipid
constituents in this lipoprotein, while triacylglycerol (TG)
is thought to constitute only 10–20% of the lipid mass
(13). More recent studies suggest that TG may actually
not be the predominant acylglyceride in HDL particles.
Several years ago, Vieu et al. (14) showed that the methods
commonly used for measuring TG have overestimated TG
levels by not accounting for the contributions of diacyl-
glycerol (DG). Their work showed that DG is the most
abundant acylglyceride in HDL and may exist at DG-to-TG
ratios ranging from 2 to 7, for normolipidemic human
HDL. DG was not shown to be confined to the lipoprotein
core like TG, but was predominantly localized on the lipo-
protein surface. While this is still considered somewhat
controversial, other groups have made similar observations
(9, 15). In addition, DG has been shown to be the primary
substrate for human hepatic lipase (HL) and the amount

 

Abbreviations: apoA-I, apolipoprotein A-I; CD, circular dichroism;
CE, cholesteryl ester; DG, diacylglycerol; ED

 

50

 

, particle concentration
required for 50% inhibition of maximal antibody binding; FC, free
(unesterified) cholesterol; GGE, gradient gel electrophoresis; HDL,
high density lipoprotein; HL, hepatic lipase; LCAT, lecithin:cholesteryl
acyltransferase; LpA-I, reconstituted HDL; MAb, monoclonal anti-
bodies; NMR, nuclear magnetic resonance; PBS, phosphate-buffered
saline; PL, phospholipid; POPC, palmitoyl-oleoyl phosphatidylcholine;
TG, triacylglycerol.
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of DG in HDL appears to regulate the rate of hydrolysis
of both PL and TG by HL (9). These observations confirm
that DG is a major constituent of plasma HDL particles,
but the role that lipids may have in the remodeling
and the metabolic fate of HDL particles has never been
investigated.

To determine how DG may affect the structure and
function of HDL, we characterized the effect of DG on the
charge and structure of apolipoprotein A-I (apoA-I) in ho-
mogeneous reconstituted HDL particles (LpA-I). Of all
the HDL lipid constituents that have been characterized
in this laboratory, DG appears to have the most profound
effects on the charge and structural properties of apoA-I.
These properties confer unique metabolic characteristics
on the lipoprotein particles, which appear to affect signifi-
cantly the remodeling and metabolism of HDL.

EXPERIMENTAL PROCEDURES

 

Materials

 

Triolein was purchased from Sigma (St. Louis, MO) and 1,3-
diolein was acquired from NuChek Prep (Elysian, MN). 1-Palmi-
toyl-2-oleoyl phosphatidylcholine (POPC) was obtained from
Avanti Polar Lipids (Birmingham, AL). [

 

3

 

H]cholesterol was pur-
chased from DuPont-NEN Research Products (Mississauga, On-
tario, Canada). Antibodies 2G11 and 4A12 were purchased from
Sanofi (Marnes-la-Coquette, France). A03, A05, A07, A11, A17,
A16, and A44 were obtained from the Institute Pasteur (Lille,
France). 3D4, 2F1, 4H1, and 5F6 were produced in our labora-
tory. All other reagents were analytical grade.

 

Purification of human apoA-I

 

Human HDL (1.063 g/ml 

 

,

 

 d 

 

,

 

 1.210 g/ml) was isolated
from fresh plasma by sequential density gradient ultracentrifuga-
tion. HDL was delipidated in chloroform and methanol and pu-
rified apoA-I was isolated by size-exclusion chromatography on a
Sephacryl S-200 HR column (16). ApoA-I was stored in lyoph-
ilized form at 

 

2

 

80

 

8

 

C. Prior to use, apoA-I was resolubilized in
6 M guanidine hydrochloride, 10 mM Tris, pH 7.2, and dialyzed
extensively against 50 mM phosphate buffer, 150 mM NaCl, pH
7.2 (PBS).

 

Preparation of spherical LpA-I complexes

 

Reconstituted LpA-I complexes were prepared by cosonica-
tion of POPC, TG, DG, and apoA-I (16). Specific amounts of
POPC, TG, and DG in chloroform (see 

 

Table 1

 

 for initial concen-
trations) were dried under nitrogen into a 12 

 

3

 

 75 mm glass test
tube and 800 

 

m

 

l of PBS was added. The lipid-buffer mixture was
sonicated for 1 min in a 15

 

8

 

C water bath, incubated for 30 min at
37

 

8

 

C, and sonicated again for 5 min. ApoA-I (2 mg of a 1.4-mg/
ml mixture in PBS) was subsequently added to the lipid suspen-
sion and the protein-lipid mixture was sonicated four times (1 min
each time), punctuated by 1-min cooling periods. All LpA-I com-
plexes were filtered through a 0.22-

 

m

 

m syringe tip filter and reiso-
lated by size-exclusion chromatography on a Superose 6 column.

 

Determination of LpA-I physical characteristics

 

The size and homogeneity of apoA-I complexes were esti-
mated by nondenaturing gradient gel electrophoresis (GGE) on
precast 8–25% acrylamide gels (Phastgel; Pharmacia, Uppsala,
Sweden) (17). Total glycerides and POPC concentrations were
determined enzymatically with kits from Roche Diagnostics (In-

dianapolis, IN). In some experiments, radioactive diolein was in-
cluded in the lipids to allow for the determination of particle DG
content. [

 

14

 

C]diolein was produced and purified as previously
described (9) from a 4-h incubation at 37

 

8

 

C of 5 

 

m

 

Ci of 1,2-
[

 

14

 

C]oleoyl phosphatidylcholine, 1 ml of phospholipase C (0.2
units/ml in phosphate buffer, pH 7.3), 1 ml of 1% CaCl

 

2

 

, and
1 ml of diethyl ether. The relative proportion of di- and triacyl-
glycerols was calculated subtractively from the total glyceride
concentration and the radioactive DG in the LpA-I particle.

 

Circular dichroism

 

The average secondary structures of LpA-I apoA-I were moni-
tored by circular dichroism (CD) spectroscopy on a JASCO (Tokyo,
Japan) J40A spectropolarimeter calibrated with a 0.1% (w/v)

 

d

 

-10-camphorsulfonic acid solution (18). CD spectra were mea-
sured at 24

 

8

 

C in a 0.1-cm path length quartz cell with a sample
protein concentration of 66.7 

 

m

 

g/ml in PBS. The percentage of

 

a

 

 helices in apoA-I was calculated from the molar ellipticity at
222 nm, using a mean residue weight of 115.3. The effect of
guanidine hydrochloride concentration on the secondary struc-
ture of apoA-I in various LpA-I complexes was monitored by the
changes in molar ellipticity at 222 nm. Aliquots of each complex
(33 

 

m

 

g of protein per ml of buffer) were incubated with 0 –6 M
guanidine hydrochloride in PBS for 72 h at 4

 

8

 

C. The midpoint of
denaturation and free energy of unfolding of apoA-I on the surface
of LpA-I complexes was calculated as described previously (17). Ex-
periments were performed on three different LpA-I preparations.

 

Immunoreactivity of LpA-I

 

Immunoreactivity measurements were determined from a
competitive solid-phase radioimmunometric assay similar to that
previously described (10) and a panel of 13 different antibodies
that recognize defined epitopes (residues) in apoA-I: 4H1 (2 –8),
2F1 (8–82), A16 (14–29, 60–82), A05 (25–82), 2G11 (25–96),
3D4 (98–121), A17 (98–121), A11 (98–132), 5F6 (118–141), A03
(135–148), A07 (148–186), A44 (148–186), and 4A12 (173–205).
Briefly, Removawells (Immulon 2; Dynatech Laboratories, Chan-
tilly, VA) were coated with 100 

 

m

 

l of apoHDL (0.2 

 

m

 

g in 15 mM
Na

 

2

 

CO

 

3

 

, 35 mM NaHCO

 

3

 

, 0.02% NaN

 

3

 

. pH 6.9), washed with
PBS, and saturated with 0.5% gelatin (Bio-Rad, Hercules, CA) in
PBS. Anti-apoA-I monoclonal antibodies (MAb, at a predeter-
mined dilution) were mixed with serial dilutions of LpA-I parti-
cles (with 0.1% gelatin in PBS) and transferred to the previously

TABLE 1. Effect of the acylglyceride content of LpA-I complexes
on their size and charge

 

Particle Composition
(POPC:DG:TG:ApoA-I)

 

a

 

Hydrodynamic
Diameter

 

b

 

Surface
Potential

 

c

 

Valence
(per ApoA-I)

 

d

 

Initial Final

 

mol:mol:mol:mol nm

 

2

 

mV

 

2

 

e

 

120:0:0:2 82:0:0:2 7.8 8.5 3.0
120:0:40:2 74:0:26:2 7.7 9.3 2.9
120:10:40:2 72:6:26:2 7.8 9.7 3.3
120:40:10:2 81:22:8:2 7.6 10.5 3.4
120:40:0:2 74:32:0:2 7.7 11.2 3.6

 

a

 

LpA-I complexes were prepared by sonication as indicated in
text. POPC, DG, TG, and apoA-I molar ratios are indicated before (ini-
tial) and after (final) reisolation on a Superose 6 column. Values are re-
presentative of three different preparations of LpA-I.

 

b

 

Particle diameters from nondenaturing gradient gel electro-
phoresis 

 

6

 

 0.5 nm (SD).

 

c

 

Charge potential at the particle surface 

 

6

 

 0.2 (SD).

 

d

 

Number of excess negative charges in electronic units per mole-
cule of apoA-I 

 

6

 

 0.1 (SD).
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coated and saturated Removawells for a 1-h incubation at room
temperature. After three washes with 0.05% Tween 20 in PBS,
the Removawells were incubated for 1 h with an 

 

125

 

I-labeled anti-
mouse IgG antibody in PBS with 0.1% gelatin (200,000 cpm/
well). Wells were washed three times with 0.05% Tween 20 in
PBS, and their radioactivity was measured. The immunoreactiv-
ity of the antibodies for the various LpA-I particles was estimated
from the ED

 

50

 

, which represents the LpA-I concentration re-
quired to inhibit 50% of the maximal binding of the antibodies
to the apoHDL-coated plate. Results are expressed in micro-
grams per milliliter and represent means 

 

6

 

 SD of triplicate de-
terminations. Experiments were conducted on two or three dif-
ferent LpA-I preparations.

 

Purification and activity assay of
lecithin:cholesterol acyltransferase

 

Lecithin:cholesterol acyltransferase (LCAT) was purified from
normolipidemic plasmas as previously described (19). LCAT ac-
tivity was measured by incubating reconstituted LpA-I (contain-
ing 10 mol of cholesterol and 0.01 

 

m

 

Ci of [

 

3

 

H]cholesterol per
mol of apoA-I) with 0.3 units of purified LCAT, 2.5 mg of bovine
serum albumin, 2.5 mM 2-mercaptoethanol, and Tris buffer, pH
8.0, in a final volume of 500 

 

m

 

l at 37

 

8

 

C for 10 min. Reaction
products were extracted in ethanol and hexane and the amount
of 

 

3

 

H associated with CE was determined by thin-layer chroma-
tography as described (19). Under these conditions, initial rates
were estimated with minimal substrate conversion; less than 5%
of LpA-I cholesterol was esterified at enzyme saturation. LCAT
activity was expressed as units of enzyme activity, where 1 unit
represents 1 nmol of cholesterol esterified per ng of purified
protein per hour of incubation. The maximal velocity (

 

V

 

max

 

) and
the apparent 

 

K

 

m

 

 of cholesterol esterification by LCAT were de-
termined from double-reciprocal plots of the CE formed as a
function of the substrate concentration.

 

RESULTS

 

Effect of DG on size and charge of LpA-I complexes

 

Sonicated LpA-I particles were prepared to contain vari-
ous amounts of DG and TG, while maintaining a relatively
constant amount of POPC (see Table 1 for starting and
final compositions). All recombinant complexes con-
tained two molecules of apoA-I per particle and exhibited

only one band on nondenaturating gradient gels (9). Inclu-
sion of 10 to 40 molecules of DG and/or TG in the LpA-I
complexes had no detectable effect on the particle size; all
complexes were about 7.7 nm in diameter (Table 1).

As indicated in Table 1, addition of about 40 molecules
of TG to the LpA-I complexes only slightly increased the
negative surface potential of the particle. In contrast, the
DG content of the LpA-I complex had a profound effect
on the particle surface potential. Progressive increases in
DG were associated with increases in net negative charge;
inclusion of 40 molecules of DG gave rise to an increase in
the magnitude of surface potential of approximately 2.7
mV. This increase of the LpA-I negative charge was associ-
ated with parallel changes in the net charge (valence) on
apoA-I, and therefore appears to be primarily due to alter-
ations in the conformation of the apoA-I molecule (Table 1).
This may indicate that the presence of DG on an LpA-I com-
plex increases its negative surface charge by promoting the
exposure of negatively charged residues in apoA-I.

 

Effect of LpA-I DG content on secondary
structure and stability of apoA-I

 

The apoA-I organization on the LpA-I particles was evalu-
ated by quantifying the amount of the amphipatic 

 

a

 

-helical
structures in apoA-I on the various LpA-I complexes. As
indicated in 

 

Table 2

 

, inclusion of 10 to 40 molecules of
TG and/or DG in an LpA-I complex did not significantly
affect the 

 

a

 

-helical content of the apoA-I molecule. In
contrast, variations in the glyceride content of LpA-I parti-
cles had distinct effects on the unfolding of apoA-I sec-
ondary structure by guanidine hydrochloride. 

 

Figure 1

 

shows that the addition of TG and/or DG molecules to an
LpA-I complex directly affected the ability of guanidine
hydrochloride to unfold the 

 

a

 

-helical structure of apoA-I.
Table 2 illustrates this point and shows that the midpoint
of denaturation (D

 

1/2

 

) for apoA-I on LpA-I complexes in-
creased when TG content was increased, and then fell
slightly when a few molecules of DG were further added.
The inclusion of DG molecules only into the LpA-I com-
plex had little effect on the D

 

1/2

 

 for apoA-I. While the in-

 

TABLE 2. Effect of the acylglyceride content of LpA-I complexes on their 

 

a

 

-helix
content and denaturation characteristics

 

LpA-I Complex 
(POPC:DG:TG:ApoA-I)

 

a

 

a

 

-Helix
Content

 

b

 

D

 

1/2

 

c

 

D

 

G

 

D

 

0 d

 

D

 

n

 

e

 

mol:mol:mol:mol % M GdnHCl
kcal/mol 
of ApoA-I

mol of GdnHCl/ 
mol of apoA-I

 

ApoA-I 49 1.0 2.4* 15.4
120:0:0:2 58 1.5 1.4 5.5
120:0:40:2 61  2.5* 1.3 3.8*
120:10:40:2 62 2.2* 1.4 5.4
120:40:10:2 58 1.6 1.7* 6.5
120:40:0:2 61 1.6 2.0* 7.6*

Significance of difference from the control LpA-I (120:2, POPC:apoA-I): *

 

P

 

 

 

,

 

 0.01.

 

a

 

POPC, DG, TG, and apoA-I molar ratio of the LpA-I complexes. Values are representative of three different
preparations of LpA-I.

 

b

 

ApoA-I 

 

a

 

-helix content determined from molar ellipticities at 222 nm 

 

6

 

 4% (SD).

 

c

 

Midpoint of guanidine hydrochloride (GdnHCl) denaturation curve (Fig. 1) 

 

6

 

 0.03 M (SD).

 

d

 

Free energy of denaturation at zero GdnHCl concentration 

 

6

 

 0.2 kcal (SD).

 

e

 

 GdnHCl bound during denaturation 

 

6

 

 0.1 mol/mol (SD).

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


 

82 Journal of Lipid Research

 

Volume 42, 2001

 

creased D

 

1/2

 

 suggests that the apoA-I molecule is more sta-
ble in the presence of TG, analysis of the denaturation
curves with the binding model of Aune and Tanford sug-
gests that this is actually not the case (17). Analysis of LpA-I
denaturation curves shows that the free energy of stabil-
ity (

 

D

 

G

 

D

 

8

 

)  of apoA-I is actually slightly decreased in the
presence of TG (Table 2). The addition of 40 molecules of
TG to an LpA-I complex decreased the 

 

D

 

G

 

D

 

8

 

 for apoA-I by
12%. In contrast, inclusion of 40 DG molecules in an LpA-I
complex was associated with an increase in the 

 

D

 

G

 

D

 

8

 

(30%). Overall, the data show that the stability of apoA-I
secondary structure is uniquely affected by different acyl-
glycerides in HDL.

 

Effect of LpA-I glyceride content 
on epitope expression of apoA-I

 

The conformation of the apoA-I molecule on the differ-
ent LpA-I complexes was evaluated by competitive solid-
phase radioimmunometric assay, using a panel of 13 anti-
apoA-I MAbs specific for epitopes that range from the
amino terminus to the carboxyl terminus of the apoA-I
(20). Competitive binding curves were parallel for all
MAbs and therefore ED

 

50 

 

values were determined and are
presented in 

 

Fig. 2

 

. ED

 

50

 

 values show clear differences in

apoA-I immunoreactivity when different acylglycerides are
incorporated into the LpA-I complexes. As illustrated in
Fig. 2A, the inclusion of TG, with or without small amounts
of DG, into an LpA-I complex was associated with a de-
crease in the ED

 

50

 

 for most of the antibodies studied. In-
deed, all epitopes but one, 4H1 corresponding to residues
2 to 8 (21) in the N terminus of the apoA-I molecule, were
more exposed in the presence of TG. This suggests that
TG has a major effect on the conformation of apoA-I on
LpA-I particles.

Inclusion of DG in an LpA-I complex had a different ef-
fect on apoA-I conformation, as illustrated in Fig. 2B.
While the exposure of some epitopes located in both the
N terminus and the central domain of the apoA-I mole-
cule was enhanced (epitope of MAb 2F1, A16, A17, and
A03) in the presence of DG, most of the other epitopes lo-
cated throughout the apoA-I molecule were unaffected by
this lipid. In contrast, the immunoreactivity of MAb A07
epitope in the C-terminal domain of apoA-I was affected
by DG and differently from that observed with TG. The

Fig. 1. Effect of guanidine hydrochloride concentration on the
molar ellipticity of apoA-I on LpA-I particles. Aliquots of LpA-I par-
ticles (POPC:DG:TG:FC:apoA-I molar ratios: circles, 120:40:0:2;
squares, 120:40:10:2; triangles, 120:10:40:2; inverted triangles,
120:0:40:2; diamonds, 120:0:0:2) were incubated with from 0 to 6 M
guanidine hydrochloride in 0.05 M PBS for 72 h at 48C. Circular
dichroism spectra were measured at 248C in a 0.1-cm path length
quartz cell with sample protein concentrations of 33.3 mg/ml in
PBS and four scans from 230 to 200 nm were collected and aver-
aged at each guanidine hydrochloride concentration. Results rep-
resent the means of triplicate determinations and the values are re-
presentative of those obser ved for three different LpA-I
preparations.

Fig. 2. Effect of the glyceride content of LpA-I complexes on
apoA-I immunoreactivity. The apoA-I immunoreactivity of the vari-
ous LpA-I complexes to each MAb was evaluated by a radioimmu-
nometric assay determining the ED50, which represents the LpA-I
concentration inhibiting half the maximum binding of the MAb on
the plate. The MAb are positioned on the x axis as their epitope ap-
pear in the apoA-I sequence. They can be grouped as represent-
ative of the N-terminal (4H1 to 2G11), the central (3D4 to A03),
and the C-terminal regions (A07 to 4A12) of the apoA-I molecule.
Results represent means 6 SD of triplicate determinations and are
representative of experiments conducted with two or three differ-
ent LpA-I preparations.
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exposure of the MAb A07 epitope in apoA-I, residues 149
to 186 (21), was significantly reduced in the presence of
DG. Inclusion of 40 molecules of DG in an LpA-I complex
was associated with an increase in ED50 between 20 and 50
mg/ml. In contrast, incorporation of similar amounts of
TG increased the exposure of the A07 epitope and inclu-
sion of small amounts of TG with DG also increased the
exposure of this epitope.

Effect of LpA-I glyceride content on
cholesterol esterification by LCAT

Increasing the acylglyceride content in LpA-I particles
has a significant effect on the lipoprotein structural char-
acteristics and therefore would be expected to also affect
LpA-I functional properties. The effect of the glyceride
content on the rate of cholesterol esterification by LCAT
was investigated with particles similar to that presented in
Table 1, except that the particles also contained 20 mole-
cules of free cholesterol (FC) per particle. Because the
amount of apoA-I is constant in the LpA-I characterized in
this study (two molecules per particle), substrate curves
are presented as a function of apoA-I concentration and
therefore represent the ability of the different lipopro-
teins to act as a substrate for LCAT. As illustrated in Fig. 3,
addition of TG or DG to the LpA-I complexes had oppo-
site effects on cholesterol esterification by LCAT. The ad-
dition of TG into an LpA-I complex was associated with a
significant decrease in initial velocity at maximum sub-
strate concentration. In contrast, inclusion of DG counter-
acted the inhibitory effect of TG in particles containing
both lipids. When added to the LpA-I particle alone, DG
caused a major stimulation in the rate of cholesterol ester-
ification by LCAT.

Because the initial velocities shown in Fig. 3 were esti-
mated with minimal substrate conversion, variations in
the saturation points for the different curves correspond

to changes in the Vmax of cholesterol esterification by
LCAT. This is evident in Table 3, which illustrates the ap-
parent Michaelis-Menten kinetic constants estimated from
a double-reciprocal plot analysis of the data shown in Fig.
3. Addition of 40 molecules of TG to an LpA-I complex
was associated with a ~50% decrease in the Vmax of choles-
terol esterification by LCAT and an increase in the con-
centration of apoA-I required for half-maximal velocity
(Km). As such, it would appear that increases in the TG
content of an LpA-I complex may act in a mixed noncom-
petitive inhibitory manner. In contrast, addition of 40
molecules of DG to an LpA-I complex caused an almost
3-fold increase in the LCAT Vmax with a parallel increase in
the Km. This relationship between Km and Vmax values is
similar to that observed in previous studies and shows that
optimal rates of esterification by LCAT may require lower
affinity binding, which facilitates a rapid interlipoprotein
movement by this enzyme (22).

A comparison of the effect of DG on apoA-I structure
and LCAT reactivity suggests that the rate of cholesterol
esterification by LCAT may be directly affected by DG-
mediated alterations in apoA-I conformation, charge, and
stability. A direct relationship between LCAT activity and
apoA-I surface charge is evident and indicated on Fig. 4;
inclusion of DG in an LpA-I complex is associated with an
increased LpA-I net negative charge and higher LCAT
Vmax values. This is in good agreement with previous
studies, which have suggested that the rate of cholesterol
esterification by LCAT is directly affected by the lipopro-
tein, protein-dependent, electrostatic properties (19, 22).
The presence of DG in an LpA-I complex has a direct ef-
fect on apoA-I conformation and decreases the exposure
of the A07 MAb epitope (residues 148 to 186). Reduced
exposure of residues 148 to 186 at the surface of the apoA-I
molecule is associated with an increased LpA-I net nega-
tive charge (r 5 0.7) and a higher LCAT activity (Fig. 4).
This supports our observation that LCAT is sensitive
to  apoA-I conformation-dependent surface charge (22).
This unique LCAT-reactive conformation of apoA-I ap-
pears to promote an increased thermodynamic stability
on the complex and a strong relationship also exists be-
tween an increased apoA-I stability and increased LCAT
Vmax values (Fig. 4). Overall, the data show that DG pro-
motes the formation of more negatively charged and sta-

Fig. 3. Effect of the glyceride content of LpA-I on LCAT activa-
tion. The esterification by LCAT of [3H]cholesterol in different
LpA-I particles (POPC:DG:TG:FC:apoA-I molar ratios: circles,
120:40:0:20:2; squares, 120:40:10:20:2; triangles, 120:10:40:20:2; in-
verted triangles, 120:0:40:20:2; diamonds, 120:0:0:20:2) is shown.
LpA-I were prepared by sonication as described in text and were in-
cubated with purified LCAT. Values represent means 6 SD of tripli-
cate determinations and are representative of three different prep-
arations of LpA-I complexes.

TABLE 3. Effect of LpA-I acylglyceride composition
on LCAT kinetic parameters

LpA-I Complex 
(POPC:DG:TG:FC:ApoA-I)a Vmax

b Km
c

mol:mol:mol:mol:mol nmol CE/h mM apoA-I

120:0:0:20:2 4.1 6 0.3 1.2 6 0.2
120:0:40:20:2 2.3 6 0.1 1.6 6 0.1
120:10:40:20:2 4.5 6 0.9 1.6 6 0.1
120:40:10:20:2 8.6 6 1.5 2.0 6 0.6
120:40:0:20:2 11.3 6 0.4 3.0 6 0.3

a POPC, DG, TG, and apoA-I molar ratio of the LpA-I complexes.
Values are representative of three different preparations of LpA-I.

b Apparent Vmax and cKm values ( 6 SD) were estimated from double-
reciprocal plots of the data shown in Fig. 3.
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ble LpA-I particles, which exhibit a unique apoA-I confor-
mation that appears to activate LCAT. Progressive increases
in HDL TG result in a less negatively charged lipoprotein,
which poorly activates LCAT.

DISCUSSION

Effect of DG on charge of apoA-I in LpA-I particles
Diacylglycerol has traditionally been thought to be a

minor constituent of plasma lipoproteins, but has been
shown to be the predominant acylglyceride of lipophor-
ins, the insect hemolymph lipoproteins (23). More recent
studies, however, show that DG is a major component of
human HDL as well (9, 14, 15). This investigation shows
that DG has major effects on the biophysical characteris-
tics of apoA-I. ApoA-I electrostatic properties are ex-
tremely sensitive to the DG content of LpA-I complexes.
Addition of a few molecules of DG has a significant effect
on the LpA-I surface charge (Table 1). This result is simi-
lar to our earlier reports, which showed that the presence
of neutral lipids in an LpA-I complex is indirectly respon-
sible for much of its net negative charge (16). Previous
work has shown that while about 10% of the charge on
HDL comes from anionic lipids (i.e., phosphatidylinositol
and fatty acids), the bulk of its net negative charge comes
directly from the surface bound apolipoproteins, and is
conformation sensitive (10, 16, 24). The present data show
that this protein conformation-dependent charge is strongly

dependent on the type of neutral lipid present in the lipo-
protein; DG has a much greater effect on decreasing HDL
surface charge than TG or CE [Table 1 and (16)]. Because
neither CE nor TG are able to confer a surface charge to
an LpA-I complex equivalent to that of a native HDL3 par-
ticle (24), it appears that DG may be a major determinant
of the HDL charge in vivo. Changes in lipoprotein charge,
associated with different neutral lipids, appear as a conse-
quence of unique conformational changes of the resident
apoA-I molecules. As expected, a calculation of the molecu-
lar valence of apoA-I (which represents the number of ex-
cess negative charges) showed that the increased negative
surface potential of the LpA-I complexes containing DG
was due to an increase in the number of negative charges
exposed at the surface of the apoA-I molecule (Table 1).

Effect of DG on apoA-I secondary 
structure and stability

Inclusion of DG or TG into an LpA-I complex had little
effect on the amount of a-helical structure in apoA-I (Ta-
ble 2). This result is similar to our previously reported
findings and confirms the view that while CE increases
the a-helix content of apoA-I, acylglyceride molecules
have little effect on the secondary structure of this protein
(16). However, different acylglyceride molecules can have
unique effects on the stability of the a helices in apoA-I.
Incorporation of DG into the LpA-I complex is associated
with a major increase in the stability of apoA-I a helices to
denaturation by guanidine hydrochloride (Table 2). Con-
sistent with this finding, DG enrichment also appeared to
prevent the dissolution of lipoprotein complexes after
long-term storage at 48C or nondenaturing electrophore-
sis (9). Because the inclusion of DG does not directly af-
fect the a-helix content of apoA-I, the data suggest that
DG molecules may interact closely with the apoA-I a heli-
ces and induce conformational changes that stabilize
them. Indeed, DG significantly decreased the exposure of
the A07 epitope, and a relationship was evident between
the MAb ED50 values and the thermodynamic stability of
the a helices of apoA-I (r 5 0.9). Similar observations
have been made with cholesterol (18). The study showed
that cholesterol can also stabilize apoA-I structure, with-
out increasing the amount of a helices in the protein. The
lipid appeared to do so through direct lipid-protein inter-
actions (18) and it appears that DG may interact with a
similar domain in apoA-I.

Inclusion of large amounts of TG into an LpA-I particle
profoundly changed the guanidine hydrochloride dena-
turation profiles and midpoints of denaturation. However,
while the midpoint of denaturation increased signifi-
cantly, isothermal denaturation analyses suggested that
the thermodynamic stability of apoA-I was actually re-
duced in the presence of TG. This discrepancy between
D1/2 and DGD8 values is consistent with previous observa-
tions and highlights the importance of differentiating be-
tween guanidine accessibility and protein stability (10, 16,
17). This analysis actually appeared to corroborate our
finding that the TG-enriched LpA-I showed an increased
propensity to allow for apoA-I dissociation after storage at

Fig. 4. Relationship between apparent LCAT Vmax values and
LpA-I biophysical characteristics. LCAT reaction Vmax values were
estimated as described in text and are plotted against LpA-I surface
potential values (diamonds), the free energy of denaturation of
apoA-I in the various LpA-I complexes (DGD8)  (circles) and the
ED50 value for MAb A07 (triangles). Calculated regression lines are
shown for the different series of data.
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48C or nondenaturing electrophoresis. As such, it appears
that TG may compete with apoA-I for binding to the phos-
pholipid acyl chain interface. In this manner, TG may be
able to partially displace apoA-I from the phospholipid in-
terface and promote the reorganization of the apoA-I
molecule into a less stable conformation. If apoA-I is less
stable, the molecule may tend to dissociate from the LpA-I
complex, as previously described (16). This may explain
the “loosely bound apoA-I” phenomenon observed in the
plasma of hypertriglyceridemic subjects, where apoA-I has
been suggested to spontaneously dissociate from TG-
enriched HDL (25). Variations in the TG-to-DG ratio in
HDL particles may therefore affect the stability of HDL
particles in vivo and influence their clearance from
plasma (12, 25).

Effect of DG on apoA-I tertiary 
structure in LpA-I particles

Previous studies have shown that the binding of apoA-I
to lipids can promote major changes in both the second-
ary and tertiary structures of apoA-I (26–28). Similar ob-
servations have been made with other exchangeable apo-
proteins, that is, apolipoprotein E and apolipophorin III,
and studies suggest that the globular structure of the pro-
teins can expand or open up in the presence of lipid (29,
30). Conformational changes in apoA-I were the most ap-
parent with inclusion of TG. Almost every epitope in the
molecule appeared to be more exposed and immunoreac-
tive with the panel of MAbs studied. An increased immu-
noreactivity in the presence of TG was most apparent for
the discontinuous epitope associated with the MAb, A16
(residues 14–29, 60–82). This may highlight major con-
formational changes in the N terminus of apoA-I and a de-
creased contact of this region with the lipoprotein surface
lipids. Similar changes, albeit slightly less in magnitude,
are apparent throughout the apoA-I molecule. The data
suggest that TG may reduce the depth of penetration of
apoA-I into the phospholipid surface and promote a more
spread-out organization on the lipoprotein surface. This
appears to promote a reduced stability of the molecule, as
some of the protein-lipid hydrophobic interactions are
lost (16).

DG has a more complex effect on apoA-I conformation
and affects mostly epitopes located in the N-terminal and
C-terminal regions of apoA-I (Fig. 2). Similar to TG, DG
increases the immunoreactivity of two epitopes (2F1, A16)
in the N terminus of apoA-I. However, in contrast to that
observed with TG, DG decreases the expression of the A07
epitope, which corresponds to an a-helical region located
between residues 148 and 186 in the C-terminal domain of
the apoA-I molecule (21). This reduced immunoreactivity
of the C-terminal region may indicate a more tight pack-
ing of these helices or a submersion into the surface lipid
milieu. It is this unique DG-dependent conformational
change in apoA-I that appears most closely associated with
the observed changes in the charge and function of the
molecule. We observed a direct relationship between the
ED50 for A07 and the LpA-I surface potential (r 5 0.7) and
LCAT Vmax values (Fig. 4). These data suggest that the ex-

posure of the A07 epitope is associated with an increase in
LpA-I charge and that these changes in conformation-
dependent charge directly affect the action of LCAT.

The unique effects of DG on apoA-I conformation
could be due to an effect of this lipid on the lipoprotein
surface lipid structure or could relate to specific interac-
tions between DG and apoA-I due to the unique distribu-
tion of DG both at the surface and in the core of the lipo-
protein particle. Unlike TG and CE molecules, where
hydrophobicity dictates their localization in the core of
the HDL, DG appears to have a quite different distribution
in the lipoprotein particle. 13C nuclear magnetic resonance
(NMR) studies using 13C-enriched DG have shown that DG
molecules are able to lie parallel to the phospholipid mole-
cules in phospholipid bilayers, with both carbonyls exposed
to the aqueous layer (31). Vieu et al. (14) observed that
about 60% of the DG in human HDL was accessible to pan-
creatic lipase and therefore suggested that DG may parti-
tion between the core and the surface of HDL particles.
This is consistent with the 13C NMR work by Wang et al.
(23), which showed a similar core/surface distribution of
DG in lipophorin particles. The data are also strikingly
similar to the distribution observed for FC in both LDL
and HDL particles (32). While both DG and FC appear to
be predominantly localized at the surface of lipoprotein
particles, the lipids are also able to shuttle rapidly between
the core and surface lipid domains. In addition, both lip-
ids have little effect on the secondary structure of apoA-I,
but significantly increase the negative charge and thermo-
dynamic stability of the protein (18). This increase in sta-
bility of apoA-I, in the presence of DG and FC, appears
to be associated with a decreased exposure of a central to
C-terminal domain and a concomitant enhanced ability
to stimulate FC esterification by LCAT.

Effect of LpA-I DG content on activation of LCAT
This investigation shows that DG and TG have different

effects on the activation of LCAT. Incorporation of 40
molecules of TG into an LpA-I complex is associated with
an almost 50% reduction in the Vmax for LCAT and a par-
allel increase in apparent Km values. While the catalytic
mechanism involved is complex and does not fit most clas-
sic kinetic modeling assumptions, the data suggest that
TG may inhibit LCAT in a mixed inhibitory fashion. This
is unique and different from the inhibition observed with
variations in the surface lipid constituents of HDL. In gen-
eral, increases in PL have little effect on apparent Km
values, for apoA-I (22, 33), and therefore appear primarily
to affect LCAT reaction velocity by regulating the avail-
ability of surface cholesterol. TG also affects the accessibil-
ity of LCAT to substrate cholesterol molecules, but in addi-
tion, TG appears to reduce the binding affinity of LCAT to
the lipoprotein as well. Substrate accessibility may be af-
fected by the partitioning of cholesterol into different do-
mains within the lipoprotein. Because cholesterol can exist
both at the surface and core, some of the surface choles-
terol may migrate into the TG core and become less avail-
able to the enzyme. Because TG has quite the opposite ef-
fect on apoA-I, potentially displacing and spreading out
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the molecule on the surface, it may be that this expanded
comformation of apoA-I reduces the affinity with which
LCAT binds to the lipoprotein particle (22, 34). It is of
note, however, that a reduced affinity usually parallels an
increased reactivity (Vmax) with HDL (10, 18, 22). This
may suggest that the movement and solubility of choles-
terol in the lipoprotein core is primarily responsible for
inhibition by TG.

In contrast to that observed with TG, DG significantly
stimulates cholesterol esterification by LCAT. DG has a
similar effect as TG and increases apparent Km values, but
has quite the opposite effect on the enzyme maximum ve-
locity. Consequently, increases in DG content appear to
have little effect on the catalytic efficiency (Vmax/Km) of
the enzyme. This shows that this estimate of enzyme func-
tion is inappropriate for interfacially active enzymes, such
as LCAT and HL, because their activity appears to be en-
hanced by a reduced binding affinity for lipoprotein parti-
cles (9, 19, 22). DG may reduce LCAT substrate affinity in
a manner similar to TG, by promoting an expanded apoA-I
conformation, which may compete with LCAT for binding
to the particle surface. Increases in DG, in the presence
of a TG core, are also able to stimulate the esterification
of cholesterol by LCAT. This may suggest that DG is able
to competitively prevent the partitioning of cholesterol
into the lipoprotein core and maintain its accessibility to
LCAT at the lipoprotein surface.

Different acylglycerides may affect LCAT by control-
ling the substrate accessibility and/or by domain-specific
changes in the conformation of apoA-I. Studies in a vari-
ety of laboratories have shown that both central (resi-
dues 100–122) and C-terminal (residues 148–186) do-
mains in apoA-I may be critical to the activation of LCAT
(22, 35–39). The role of this central region of apoA-I in
LCAT activation, however, appears to be more specific to
discoidal HDL particles; no such relationship between
the exposure of this region and LCAT activity has been
identified with sonicated/spherical LpA-I complexes.
Further, the critical importance of the central domain is
now in doubt, as more recent studies have shown that a
complete deletion of this region in apoA-I has little effect
on LCAT (40). This is not the case with the more C-termi-
nal domain of apoA-I. Epitope exposure measurements in
this study show that while DG and TG have similar confor-
mational effects on the N terminus of apoA-I, the lipids
have quite opposite effects on the conformation of the
domain comprising residues 148–186. A reduced expo-
sure of this region directly parallels decreased rates of
cholesterol esterification (Fig. 4). It therefore appears
that, as proposed by Fielding et al. (39–42), this region
may indeed be central to the activation of LCAT by apoA-I.
In addition, a decreased exposure of this region is also di-
rectly associated with an increased apoA-I charge (Fig. 4).
Because previous investigations have shown that the rate
of cholesterol esterification by LCAT is related to the
conformation-dependent charge on apoA-I (18, 22), it
appears possible that LCAT may indeed interact with this
region of apoA-I and that this interaction may be electro-
static in nature.

Physiological significance
New studies in this laboratory show that the DG-to-TG

ratio is altered in the HDL isolated from hypertriglyceri-
demic patients (T. A. Ramsamy and D. L. Sparks, unpub-
lished data). These compositional abnormalities would be
expected to significantly modify both the structure and
function of these lipoproteins. While we have shown that
DG will affect the actions of both LCAT and HL, it ap-
pears likely that this lipid may affect other metabolic pro-
cesses as well.
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