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Abstract Lipoprotein-X (LpX) is an abnormal particle 
present in the plasma of patients with familial lecithkcholes- 
terol acyltransferase (LCAT) deficiency syndromes or choles- 
tatic liver disease. Compared to other lipoproteins, LpX con- 
tains a high content of unesterified cholesterol (30%, w/w) to 
phosphatidylcholine (6096, w/w). The objective of this study 
was to evaluate the role of LCAT and apolipoprotein A-I 
(apoA-I) in LpX metabolism in vitro and to elucidate the 
regulation of cholesterol esterification in this unique lipoprm 
tein. LpX isolated from sera of patients with obstructive 
jaundice had a high content of unesterified cholesterol and 
phosphatidylcholine and contained apolipoprotein E, apoCs, 
and albumin. Although human recombinant LCAT used as 
an enzyme source did bind to isolated Lp-X, no cholesterol 
esterification was detected. However, addition of human 
apoA-I in the presence of albumin resulted in significant 
cholesterol esterification in LpX (V- 0.25 f 0.04 nmol/h 
per pg LCAT protein). Exogenous apoA-I did not change the 
size of LpX particle as determined by quasielastic light scat- 
tering analysis. A reduction in LpX size was observed when 
both apoA-I and LCAT were included in the reaction mixture 
(from 47 nm to 42 nm). Furthermore, addition of apoA-I (but 
not HDL) dramatically changed the electrophoretic mobility 
of LpX from cathodic to anodic migration. Such changes are 
not due to displacement of apoC or apoE proteins from Lp-X 
by apoA-I. While increasing apoA-I concentration (up to 35 
pglml) in the reaction mixture stimulated cholesterol esteri- 
fication in LpX, addition of apoA-I at the concentration of 8 
pg/ml inhibited cholesterol esterification in VLDL, LDL, and 
HDL by more than 50%. Albumin was required for the LCAT 
reaction to LpX. Our results suggest that while LCAT 
binds to isolated LpX, apoA-I is needed for the LCAT reac- 
tion to proceed. The presence of apoA-I does not result in the 
displacement of apoCs and apoE from Lp-X and addition of 
apoA-I changes the electrophoretic mobility but not the size 
of L p X . 4 ,  K., and J. Frohlich. Role of 1ecithin:cholesterol 
acyltransferase and apolipoprotein A-I in cholesterol esterifi- 
cation in lipoprotein-X in vitro. J. Lipid Res. 1995. 36 
2344-2354. 
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Multiple plasma lipoprotein abnormalities have been 
observed in patients with 1ecithin:cholesterol acyltrans- 
ferase (LCAT, EC2.3.1.43) deficiency syndromes (1,2). 
Patients with this autosomal recessive disorder have 
little or no plasma LCAT activity due to either a total 
enzyme deficiency or synthesis and secretion of a defec- 
tive enzyme (2, 3). A number of mutations have been 
identified in the LCAT gene that are causative for the 
defect in enzyme synthesis or secretion (3-6). LCAT 
catalyzes the formation of most cholesteryl esters in 
plasma via hydrolysis (phospholipase activity) and trans- 
fer (acyltransferase activity) of the sn-2 fatty acid from 
phosphatidylcholine to the 3-hydroxy group of choles- 
terol (7). Under normal conditions, LCAT acts preferen- 
tially on high density lipoprotein (HDL) and requires 
apolipoprotein A-I (apoA-I) for optimal activity (8). One 
striking feature of LCAT deficiency, either primary or 
secondary (to liver disease), is the presence in plasma of 
lipoprotein-X (Lp-X) which is rich in unesterified choles- 
terol and phosphatidylcholine (2,9-11). 

Lp-X is associated with the low density lipoprotein 
(LDL) fraction isolated in a density gradient of 
1.019-1.063 g/ml (10-13). Under the electron micro- 
scope, Lp-X appears as a bilayer vesicle with a diameter 
of 30-70 nm (10-13). This lipoprotein has a high con- 
tent of phospholipids (60%, w/w) and unesterified cho- 
lesterol (30%, w / ~ )  ( 10-13). Phosphatidylcholine is the 

Abbreviations: LpX, lipoprotein-)(; LCAT, 1ecithin:cholesterol 
acyltransferase; apoA-I, apolipoprotein A-I; HDL, high density 
lipoprotein; LDL, low density lipoprotein; VLDL, very low density 
lipoprotein. 
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major phospholipid in Lp-X and sphingomyelin consti- 
tutes the minor fraction. It also contains cholesteryl 
ester (2%. w/w), triglyceride (2%, w/w), and a small 
amount of protein (6%, w/w). The major proteins in 
Lp-X are albumin and C apolipoprotein (apoC-I, C-I1 
and C-111) (10-13). Albumin is trapped in the center of 
the particle and the apoCs are present on the surface 
(10-13). Some apoA-I and apolipoprotein E (apoE) may 
also be associated with Lp-X particles (10-13). This 
lipoprotein can be separated into three subspecies, Lp- 
XI, LpX2, and Lp-XS by zonal ultracentrifugation (14). 
All of the subspecies contain albumin and apoCs as their 
major protein constituents, but only Lp-X:! and Lp-Xs 
contain apoA-I and apoE (14). 

The structure and chemical composition of Lp-X 
found in LCAT deficiency and cholestatic liver disease 
appear to be identical (10-12). In familial LCAT defi- 
ciency Lp-X is likely derived from the surface of chylomi- 
cron remnants that are not further catabolized due to 
the lack of LCAT activity (2,lO). The mechanism of Lp-X 
formation in cholestatic liver disease is not entirely clear. 
It has been postulated that Lp-X may, at least in part, 
originate from bile lipids regurgitated into the plasma 
compartment due to obstruction of bile ducts (10, 11). 
An inverse relationship between plasma concentration 
of Lp-X and LCAT activity has been observed in patients 
with familial LCAT deficiency after blood transfusion, 
indicating that lack of LCAT activity is a prerequisite for 
Lp-X formation (15). However, there has been some 
controversy as to whether this lipoprotein is a suitable 
substrate for the enzyme (16-19). Wengeler and Seidel 
(16) found that unesterified cholesterol in Lp-X did not 
serve as substrate for LCAT. In contrast, Patsch et al. (17, 
18) showed that incubation of normal plasma with Lp-X 
resulted in the disappearance of this abnormal lipopro- 
tein and the appearance of high density lipoprotein-like 
particle. Ritland and Gjone (19) observed that Lp-X was 
a source of unesterified cholesterol in the LCAT reac- 
tion during incubation of Lp-X-containing plasma after 
blood transfusion. However, the question whether Lp-X 
was merely a source for transfer of unesterified choles- 
terol to other lipoproteins for further esterification or 
whether Lp-X might act as a substrate itself was not 
answered in these investigations. The objective of this 
study was to investigate the factors regulating choles- 
terol esterification in isolated Lp-X and to elucidate the 
mechanism of interaction between LCAT, Lp-X, and 
apoA-I. 

bilirubin levels and increased alkaline phosphatase ac- 
tivities. Lp-X-positive sera were identified by 1% agarose 
gel electrophoresis followed by staining with Sudan 
Black. LpX did not migrate to the anode as opposed to 
the anodic migration of other plasma lipoproteins (Fig. 
1, lane 2). Serum was prepared by cenrritugation at 
1,200g for 20 min. Total bilirubin levels ranged between 
200 and 579 pmol/L and the alkaline phosphatase ac- 
tivities were 473-985 U/L. All procedures were ap- 
proved by the University Ethical Review Committee. 
The concentrations of unesterified cholesterol, total 
cholesterol, and triglycerides in sera were determined 
enzymatically using reagent kits from Boehringer 
Mannheim GmbH. Quantitation of apoA-I in sera was 
achieved by ELISA using polyclonal anti-human apoA-I 
antiserum (Boehringer Mannheim GmbH). LCAT activ- 
ity was determined using proteoliposome-containing 
egg yolk phosphatidylcholine-unesterified choles- 
terol-purified human plasma apoA-I as a substrate as 
described previously (20). The substrate mixture con- 
taining 4.66 nmol [SH]cholesterol (0.03 pCi/nmol), 
18.46 nmol phosphatidylcholine, and 5.0 pg purified 
human plasma apoA-I in 10 mM Tris-HC1 (pH 7.4)-150 
mM NaCl-5 mM EDTA was preincubated at 37°C for 30 
min. Subsequently, 5 mM P-mercaptoethanol and 1.5% 
bovine serum albumin (essentially fatty acid-free) were 
added to the substrate. mixture. The reaction was initi- 
ated by the addition of serum (20 pl) to a final volume 
of 0.3 ml. The reacticin was carried out at 37°C for 1 h. 
The radioactivity associated with cholesterol and 
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Fir. 1. Liooorotein electroohoresis. An aliauot of sera from controls 
MATERIALS AND METHODS 

Isolation and radiolabeling of Lp-X 
D 1 .  

(lane l),  pooled sera from obstructive jaundice patients (lane 2), or 
LDL isolated from normal serum (lane 3) was loaded on a 1% agarose - 
gel and electrophoresed for 35 niin. The lipoproteins were stained 
with Sudan Black. The arrows indicate the position of individual for the Of LP-x were Obtained 

from patients with obstructive liver diseases, with high lipoproteins. 
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TABLE 1. Lipid and apolipoprotein composition and LCAT activity of sera from patients with obstructive 
jaundice and control 

uc TC TG HDLC ApoA-I LCAT 

mg/dl nmol/h/ml 
Jaundice 344 f 50 356 f 61 118f30  20 f 5 1 0 f 2  8.9 f 1.3 
Control 4 8 f 8  208 * 136 385 f 24 4 7 f  12 144 f 24 31.7 f 4.5 

Lipid and apolipoprotein composition were determined as described in the Materials and Methods. LCAT 
activity was determined using apoA-Icontaining proteoliposome as a substrate. UC, unesterified cholesterok 
TC, total cholesterol; TG, triglycerols; HDLC, HDL cholesterol. Both jaundice and control sera were prepared 
from eight patients with obstructive jaundice and eight volunteers, respectively. The results are expressed as 
mean diameter f standard deviation from LpX isolated from eight patients or controls. 

cholesteryl ester was determined by thin-layer chroma- 
tographic analysis. 

LpX was isolated by sequential ultracentrifugation 
followed by gel filtration column chromatography. 
Briefly, the low density lipoprotein (LDL) fraction was 
isolated in a density gradient of 1.019-1.063 g/ml by 
ultracentrifugation (20). LpX associated with this frac- 
tion was separated from LDL by Superose 6B column 
chromatography. LpX was eluted from the column by 
0.15 M NaCl containing 1 mM EDTA and 0.01% NaN3 
(pH 7.4) as a distinct peak. The mobility of the isolated 
Lp-X was determined by electrophoresis in 1% agarose 
gel. Lp-X cholesterol and cholesteryl esters were deter- 
mined enzymatically using reagent kits (Boehringer 
Mannheim GmbH). Phospholipids and protein were 
determined by the modified methods of Bartlett (21) 
and Lowry et al. (22), respectively. After delipidation of 
Lp-X, apolipoproteins were identified by SDS polyacry- 
lamide gel (7.5%) electrophoresis and isoelectric focus- 
ing (pH 3.5-9.5) (23). ApoE was identified by Western 
immunoblotting with polyclonal goat anti-(human 
apoE) antibodies. An aliquot of Lp-X was electrophore- 
sed on an SDS polyacrylamide gel (7.5%). After the 
electrophoretic transfer of proteins from the gel to 
nitrocellulose membrane (pore size, 0.45 pm), the mem- 
brane was incubated with anti-(human apoE) antibodies 
(Calbiochem) and the blots were developed with Protein 
G-conjugated horseradish peroxidase. 

Production and purification of recombinant LCAT 
Transfected baby hamster kidney (BHK) cells that 

constitutively expressed a significant amount of human 
recombinant LCAT were incubated in Dulbecco's modi- 
fied Eagle's medium (DMEM, GIBCO BRL Canada) 
containing 10% fetal calf serum for 12 h (20). The cells 
were then washed three times in serum-free medium 
(Opti-MEM, GIBCO BRL Canada) and then incubated 
in Opti-MEM for 48 h. Recombinant LCAT secreted 
into culture medium was purified by phenyl Sepharose 
CL 4B column chromatography (24). Briefly, 150 ml of 

culture medium containing LCAT was applied to a 
phenyl Sepharose column (1.0 x 15 cm) equilibrated 
with 0.005 M sodium phosphate containing 0.3 M sodium 
chloride (pH 7.4). The column was washed with the 
same buffer to remove other proteins and LCAT was 
eluted from the column by deionized water as a single 
protein peak. The amount of LCAT protein was deter- 
mined by solid-phase immunoassay as described pre- 
viously (24). 

Determination of cholesterol esterification in Lp-X 
An aliquot of isolated Lp-X was radiolabeled by equili- 

bration with [~H]cholesterol(O.O5 pCi/nmol)-coated fil- 
ter disks at 4°C as described by Dobiasova and Schutzova 
(25). ApoA-I was purified from human plasma by chro- 
matofocusing column chromatography (23). Briefly, 

0 10 20 30 40 
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3 

Fig. 2. Isolation of Lp-X by Superose 6B column chromatography. 
A fraction at a density 1.019-1.06.3 g/ml was collected after ultracen- 
trifugation of LpX-positive sera (e). An aliquot (2 ml) of this fraction 
was applied to a Superose 6B column (50 x 1.5) equilibrated with 0.15 
M NaCl containing 1 mM EDTA and 0.01% NaNs (pH 7.4). After the 
column was washed with 30 ml of the same buffer at a flow rate of 0.7 
ml per min, the fractions (1.2 ml per fraction) were collected. As a 
control, a fraction with the same density was prepared from sera of 
normal volunteers (0). An aliquot was applied to a Superose 6B 
column and the lipoprotein was eluted under the same conditions. 
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Fig. 3. Identification of proteins in LpX. A An aliquot of purified apoA-I (lane 1) or delipidated LpX (lane 
2) was loaded on a 7.5% SDS polyacrylamide gel. After electrophoresis, the separated proteins were stained with 
Coomassie blue. Migration position and molecular mass (in kilodaltons) of protein standards are indicated. B: 
An aliquot of delipidated Lp-X was loaded on a 7.5% SDS polyacrylamide gel followed by Western immunoblot- 
ting using polyclonal goat anti-(human-apoE) antibodies. C: An aliquot of delipidated lipoproteins was loaded 
on a isoelectric focusing (pH 3.5-9.0 gradient) polyacrylamide gel (7.5%). After electrophoresis for 2 h, the 
proteins were stained with Coomassie blue. 

HDL was isolated by sequential ultracentrifugation at 
density 1.063- 1.2 10 g/ml. Delipidation of isolated HDL 
was carried out with ethanol-diethyl ether 3:l and the 
final pellet was dried under a stream of nitrogen. The 
apolipoprotein pellet was solubilized in 10 mM Tris-HCL 
(pH 7.4) containing 7.2 M ureaand 10 mM dithiothreitol. 
After stirring for 16 h at 4"C, insoluble apoB aggregates 
were removed by centrifugation. Solubilized apolipo- 
proteins were fractionated on a column (1.5 x 50 cm) of 
PBE 94 (Pharmacia) equilibrated with 25 mM imidazole- 
HCL (pH 7.4)-1 mM EDTA-7.2 M urea. The pH gradi- 
ent was formed by elution with Polybuffer 94 diluted 1:8 
with 8 M urea. Polybuffer in purified apoA-I was re- 
moved by passage through an hydroxylapatite column. 
The purity of apoA-I was determined by SDS polyacry- 
lamide gel electrophoresis. 

For determination of cholesterol esterification in Lp- 
X, different amounts of radiolabeled Lp-X were incu- 
bated with purified recombinant LCAT (2-6 pg/ml) in 
the absence or presence of purified human apoA-I (5-35 
pg/ml) and fatty acid-free bovine serum albumin 
(Sigma, St. Louis, MO) at 37°C for 1-6 h. The total 
volume of incubation mixture was 0.3 ml. The formation 
of [3H]cholesteryl esters (acyltransferase activity) was 
measured at different time intervals. The reaction was 
linear for up to 6 h. The cholesteryl esters were sepa- 
rated from unesterified cholesterol by thin-layer chro- 
matography and the radioactivity associated with these 
lipids was determined by liquid scintillation counting. 
The cholesterol esterification rate was calculated and 
expressed in nmol of Lp-X cholesterol esterified per pg 
LCAT protein (20). 

Phospholipase activity of recombinant LCAT was also 
determined using Lp-X as a substrate. An aliquot of 

isolated Lp-X was radiolabeled by equilibration with 
l-palmitoyl,2-[9,lO-~H( n)]palmitoyl glycerophospho- 
choline (0.05 pCi/nmol)-coated filter disks at 4°C (25). 
The reaction was carried out under the same conditions 
as described above. [3H]fatty acids were separated from 
radiolabeled phosphatidylcholine by thin-layer chroma- 
tography. Phospholipase activity was expressed as nmol 
of fatty acids released from [3H]phosphatidylcholine per 
h per pg of LCAT protein. 

I T 

-0- Acyltransferase 

0.00 Y --O--. Phospholipase 
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Fig. 4. Effect of apoA-I on the activities of phospholipase and 
acyltransferase of LCAT. An aliquot of [JH]phosphatidylcholine- or 
[SH]cholesteroUabeled LpX was incubated with recombinant LCAT 
at 37°C for 5 h in the presence of increasing amounts of apoA-I. 
Phospholipase and acyltransferase activities were determined and the 
results were expressed as nmol of fatty acid released from phospha- 
tidylcholine per h per pg of LCAT protein (phospholipase) and nmol 
of cholesteryl ester formed per h per pg of LCAT protein (acpltrans- 
ferase). Each point represents the mean of three experiments and 
standard deviation is indicated as a vertical bar. 
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Fig. 5. Interaction of LCAT with isolated LpX. Lp-X (10 pl) was 
incubated with purified recombinant LCAT (3 pg/ml) in the absence 
or presence of purified human plasma apoA-I (5 pg/ml) at 37'C for 
30 min. An aliquot of the reaction mixture was loaded on a 1% agarose 
gel and electrophoresed for 35 min and proteins were transferred 
from the gel to a nitrocellulose membrane. The position of LCAT 
associated with LpX was identified by Western immunoblotting with 
antidhuman LCAT) antibodies. 

Determination of Lp-X size 

The size of the isolated Lp-X was determined by 
quasielastic light scattering analysis, also referred to as 
dynamic light scattering or photon correlation spectros- 
copy (26). The analyses were performed using Nicomp 
Model 270 Laser Particle Sizer with a 5 mM helium-neon 
laser at an exciting wavelength of 632.8 nm. The tech- 
nology used digital autocorrelation to analyze the fluc- 
tuations in scattered light intensity generated by the 
diffusion of vesicles in solution. The diffusion coeffi- 
cient was then used to calculate the average hydrody- 
namic radius and hence the mean diameter of the 
vesicles. Student's t-test was used for statistical analysis. 
The level of significance was set at P < 0.05. 

Western immunoblotting 

LpX was preincubated with purified human plasma 
apoA-I for 30 min or 5 h at 37°C. The mixtures were 
applied to 1% agarose gel. After electrophoretic transfer 
of proteins from the gel to nitrocellulose membrane 
(pore size, 0.45 pm), the membrane was incubated with 
anti-(human apoC-I) antibodies (Chemicon), anti-(hu- 
man apoC-11) antibodies (Calbiochem), anti-(human 

apoC-111) antibodies (raised in rabbits in our laboratory 
against purified human apoC-111). Blots were developed 
with horseradish peroxidase conjugate. To determine 
the presence of apoE, nitrocellulose membrane was 
incubated with anti-(human apoE) antibodies (Calbio- 
chem) and the blots were developed using Protein-G 
horseradish peroxidase conjugate. 

Interaction of LCAT with Lp-X 
Lp-X was preincubated with purified recombinant 

LCAT and/or purified human plasma apoA-I for 30 min 
at 37°C. The mixtures were then separated on 1% 
agarose gel, transferred onto nitrocellulose membrane 
(pore size, 0.45 pm), and immunoblotted with poly- 
clonal anti-(human LCAT) antibodies (a gift from Dr. A. 
Lacko, Fort Worth, TX) (20). The antibodies did not 
cross-react with human plasma apoA-I. 

Determination of cholesterol esterification in other 
lipoproteins 

Blood was also collected from eight normal volun- 
teers after a 12-h fast and sera were prepared by low 
speed centrifugation. Different lipoproteins were iso- 
lated by preparative ultracentrifugation based on their 
densities: d < 1.006 g/ml for VLDL, 1.019 < d < 1.063 
g/ml for LDL, and 1.063 < d < 1.21 g/ml for HDL (20). 
All lipoprotein preparations were dialyzed extensively at 
4°C against 0.01 M Tris-HC1 (pH 7.4) containing 0.15 M 
NaCl and 0.005 M EDTA. Trace amounts of apoA-I in 
VLDL and LDL preparations were removed by incubat- 
ing with anti-(human apoA-I) antibodies (Boehringer 
Mannheim GmbH) followed by immunoadsorption 
with Gammabind G-agarose. The concentration of 
unesterified cholesterol in these lipoproteins was deter- 
mined enzymatically using a reagent kit (Boehringer 
Mannheim GmbH). The isolated lipoproteins were la- 
beled with [~H]cholesterol(O.O5 pCi/nmol) as described 
above. Cholesterol esterification in isolated VLDL, LDL, 
or heat-inactivated HDL in the presence of recombinant 

TABLE 2. Size of LpX before and after incubation with apoA-I 
and LCAT 

Mean diameter f SD 

nm 
LP-x 47.3 * 1.1 

LP-X + apoA-I 47.2 i 1.2 

LP-X + apoA-I + LCAT 42.3 k 1.50 

Size distribution of LpX using quasi-elastic light scattering was 
determined before and after incubation of LpX with apoA-I (20 
pg/ml) in the absence or presence of LCAT (6 pg/ml) at 37°C for 5 
h. Mean diameter of particles was obtained from Gaussian analysis. 
The results are expressed as mean diameter k standard deviation from 
LpX isolated from five patients each measured in duplicate. 

"P < 0.05 when compared to control values. 
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Fig. 6. Effect of apoA-I. LCAT, and HDL on electrophoretic mobility 
of isolated LpX. An aliquot (10 pl) of LpX was incubated with apoA-I 
(5 pg/ml), LCAT (3 pg/ml), or HDL (5 pl) at 37'C for 30 min. An 
aliquot of the reaction mixture was then loaded on a 1% agarose gel 
and electrophoresed for 35 min. Lipoproteins were stained with 
Sudan Black. The arrow indicates the position of native Lp-X. 

LCAT was determined as described previously (20). No 
cholesterol esterification was detected in Lp-X, VLDL, 
LDL, or heat-inactivated HDL preparations in the ab- 
sence of recombinant LCAT. The heat-inactivation pro- 
cedure (56°C for 30 min) to eliminate endogenous 
enzyme activity associated with HDL has been carried 
out in a number of laboratories to elucidate the catalytic 
mechanism of LCAT reaction (20, 27, 28). This proce- 
dure did not interfere with the gradient gel pattern of 
HDL compared to the native preparations (20,27, 28). 

RESULTS 

Measurement of cholesterol esterification in LpX 
The contents of lipids, apolipoproteins, and LCAT 

activity were determined in Lp-X-positive sera and con- 
trols (Table 1). The level of apoA-I in Lp-X-positive sera 
was less than 10% of controls. The cholesterol content 
was increased, most of it in unesterified form. The levels 
of HDL cholesterol were also markedly reduced (42% 
of the control). LCAT activity was about 25% of the 
normal value when proteoliposomes (exogenous sub- 
strate) containing [3H]cholesterol-egg yolk phospha- 
tidylcholine-human apoA-I were used as a substrate. 
The molar rate of cholesterol esterification in patients' 
sera was only 30% of the control when LCAT activity 
was determined, based on the esterification rate of 
endogenous unesterified cholesterol in sera (data not 
shown). LpX was then isolated with LDL at a density of 

1 .O 19- 1.063 g/ml by sequential ultracentrifugation and 
further separated from LDL by a Superose 6B column 
chromatography. As shown in Fig. 2, two distinct pro- 
tein peaks were eluted from the column. Peak 1 was not 
seen in control samples and peak 2 corresponded to the 
LDL fraction. The fractions of peak 1 were pooled and 
their lipids were analyzed. Unesterified cholesterol 
(2.5-3.5 nmol/pl) constituted more than 98% of total 
cholesterol in the pooled fractions. The ratio of unesteri- 
fied cholesterol to phospholipids was 0.97:l which was 
similar to that previously reported for Lp-X (16-19). 
Peak 1 also displayed cathodal migration in 1% agarose 
gel electrophoresis. On the basis of its lipid composition 
and electrophoretic mobility, peak 1 represented the 
Lp-X fraction. Proteins in the individually isolated Lp-X 
preparations were identified by Coomassie blue staining 
after SDS polyacrylamide gel electrophoresis. No apoB 
was found in the Lp-X preparation (Fig. 3A). Albumin 
and apoE were found to be associated with Lp-X. The 
protein band with a relative molecular mass of 34-35 
kDa was confirmed to be apoE by Western immunoblot- 
ting (Fig. 3B). In contrast to a previous report (18), we 
found no apoA-I in our preparations. ApoCs in Lp-X 
were identified by analytical isoelectric focusing in 
polyacrylamide gel electrophoresis (Fig. 3C). At least 
four protein bands corresponding to the isoelectric 
point of 6.5 for apoC-I, 5.8 for apoE, and 4.8-5.0 for 
apoC-I11 and C-I1 were observed (Fig. 3C). 

To determine cholesterol esterification in Lp-X, an 
aliquot of isolated Lp-X was first radiolabeled with 
[3H]cholesterol and various amounts of labeled Lp-X 
were incubated with purified recombinant LCAT and 
bovine serum albumin (7 mg/ml) at 37°C for 5 h. In the 
absence of apoA-I, a very small amount of cholesterol in 
Lp-X was esterified regardless of the concentration of 
Lp-X in the reaction mixture. When apoA-I was added to 
the reaction mixture, the rate of cholesterol esterifica- 
tion increased to 0.12 nmol/h per pg of LCAT protein as 
the amount of Lp-X increased. As shown in Fig. 4, the 
rate of cholesterol esterification (acyltransferase activ- 
ity) in Lp-X catalyzed by LCAT increased as a function of 
apoA-I concentration. Phospholipase activity of recom- 
binant LCAT was determined using [3H]phosphatidyl- 
choline-labeled Lp-X as substrates. In the presence of 
various amounts of apoA-I, a similar stimulation curve 
was obtained (Fig. 4). 

Interaction of LCAT with isolated LpX 
To determine whether apoA-I is required for the 

binding of LCAT to Lp-X, an aliquot of Lp-X was 
preincubated with purified recombinant LCAT in the 
absence or presence of purified human plasma apoA-I 
for 30 min at 37°C. After separation of reaction mix- 
tures in 1% agarose gel followed by electrophoretic 
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transfer of proteins to nitrocellulose membrane, LCAT 
was identified by Western immunoblotting with anti- 
(human LCAT) antibodies. As shown in Fig. 5, LCAT 
was associated with Lp-X in the presence or absence of 
apoA-I. 

Effect of apoA-I on LpX size and electrophoretic 
mobility 

Our next objective was to examine the effect of apoA-I 
on the size and composition of Lp-X. The size of Lp-X 
particle was measured by quasi-elastic light scattering. 
The average size of Lp-X particle was 46-48 nm in 
diameter (Table 2). N o  significant change in Lp-X size 
occurred during the 5 h of incubation with apoA-I 
(10-50 pg/ml) at 37°C. A reduction in Lp-X size was 
observed when both apoA-I and LCAT were added to 
the incubation mixture. Similar results were obtained 
whether the mixtures were incubated for 30 min, or 3 
or 5 h at 37'C. For comparison, average sizes of LDL 
(22 nm in diameter) and VLDL (72 nm in diameter) 
were also determined. 

The electrophoretic mobility of Lp-X in agarose gel 
was examined before and after incubation with apoA-I 
and LCAT for 30 min at 37°C. Addition of apoA-I (5-20 
pg/ml) in the absence or presence of LCAT (3 pg/ml) to 
the isolated Lp-X resulted in its anodic migration (Fig. 
6). Similar changes were observed when the mixtures 
were incubated for 5 h at 37°C (data not shown). Upon 
incubation with isolated HDL, the electrophoretic mo- 
bility of Lp-X remained unchanged (Fig. 6). 

In order to elucidate the mechanism by which the 
addition of apoA-I changed the electrophoretic mobility 
of Lp-X in agarose gel and the reduction in the size of 
Lp-X in the presence of both apoA-I and LCAT, the 
apolipoprotein composition of Lp-X before and after 
incubation with apoA-I was examined by Western im- 
munoblotting. After the electrophoretic transfer of pro- 

incubated with anti-(human apoC) antibodies. As shown 
in Fig. 7, apoC-I, C-11, and C-111 were present in Lp-X in 
the absence or presence of added apoA-I (5 pg/ml). 
Western immunoblotting was also performed with anti- 
(human apoE) antibodies and the results were shown in 
Fig. 7. ApoE was associated with LpX before and after 
incubation with apoA-I for 30 min regardless of a change 
in electrophoretic mobility of Lp-X in agarose gel. These 
results suggested that changes in the electrophoretic 
mobility and the size of Lp-X in the presence of apoA-I or 
LCAT were not due to displacement of apoCs and apoE 
from Lp-X. 

Cholesterol esterification in other lipoproteins 

To compare Lp-X with other lipoproteins with regard 
to their ability to serve as substrates for LCAT, the same 
amount of purified recombinant LCAT was incubated 
with [3H]cholesterol-labeled VLDL, LDL, or heat-inacti- 
vated HDL. Cholesterol esterification in these lipopro- 
teins catalyzed by recombinant LCAT did not require 
the addition of apoA-I (Table 3). In contrast to the 
reaction in LpX, cholesterol esterification in VLDL, 
LDL, or HDL was markedly inhibited by exogenously 
added apoA-I (Table 3). Kinetic analysis was conducted 
with recombinant LCAT using isolated Lp-X, LDL, or 
HDL as substrate. The data obtained from the 
Lineweaver-Burk plot of cholesteryl ester formation ver- 
sus the concentrations of LpX (in the presence of added 
apoA-I), LDL (in the absence of added apoA-I), or HDL 
(in the absence of added apoA-I) cholesterol in the assay 
mixture are summarized in Table 4. The apparent Km 
and V,, values of LCAT for cholesterol were different 
when different lipoproteins were used as substrates. The 
rates of cholesterol esterification in LDL and HDL 
catalyzed by recombinant LCAT were 1.3 and 6.4 times 
higher than that in Lp-X, respectively. 

teins onto nitrocellulose membrane, the membrane was Effect of Serum albumin on cholesterol esterification 
in LpX 

Probing Anti- Anti- Anti- Anti- 
Antibody apo CI apo CII apo Clll apo E 

Lp-x + + + +  + +  + +  
apoAl - + - +  - +  - +  

Fig. 7. Western immunoblotting analysis of the influence of apo.4-I 
on LpX composition. Aliquots of L p X  (10 pi) were incubated with or 
without exogenous apoA-I (5 pdml)  at 37°C for 30 min. Samples were 
separated on 1% agarose gel followed by Western immunoblotting 
with antyhuman apoCI) antibodies, anti-(human apoC-11) antibodies. 
anti-(human apoC1II) antibodies, and anti-(human apoE) antibodies. 

In addition to apoA-I, serum albumin may also play 
an important role in regulating cholesterol esterification 
in Lp-X. Recombinant LCAT (3 pg/ml) was incubated 
with isolated Lp-X and an increasing amount of bovine 
serum albumin (essentially fatty acid-free) in the pres- 
ence of apoA-I (8 pg/ml). As shown in Fig. 8, the rate 
of cholesterol esterification increased as albumin con- 
centration in the assay mixture was increased. Parallel 
experiments were carried out with isolated HDL or LDL 
and VLDL in the absence of exogenous apoA-I. Choles- 
terol esterification in these lipoproteins was stimulated 
by albumin at low concentrations (up to 4 pg per ml). 
However, further increase in albumin concentration in 
the assay mixture led to no further increase in LCAT 
activity (Fig. 8). 
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TABLE 3. Cholesterol esterification in lipoproteins catalyzed by 
LCAT 

Cholesterol EsterifKation 

- APoA-I + A p A - I  

nmol/h/pg 

LPX 0.009 f 0.001 0.086 f 0.02 
VLDL 0.021 f 0.008 0.01 1 f 0.006 
LDL 0.110 f 0.02 0.051 f 0.01 

HDL 0.490 f 0.01 0.270 f 0.01 

The isolated LpX, VLDL, LDL, and heat-inactivated HDL were 
radiolabeled with [SH]cholesterol. An aliquot of each labeled lipoprcl 
tein containing 12 nmol of unesterified cholesterol was used as 
substrate for the LCAT reaction in the absence or presence (8 pg/ml) 
of apoA-I. After incubation at 37% for 5 h, the rate of cholesterol 
esterification was determined. The results are expressed as mean * 
standard deviation from three separate experiments each performed 
in duplicate. 

DISCUSSION 

Although LpX consists mostly of unesterified choles- 
terol and phospholipids, there has been some contro- 
versy as to whether this lipoprotein can serve directly as 
a substrate for LCAT (16-19). In the present study, we 
investigated the relationship of LCAT and apoA-I to the 
metabolism of LpX. The isolated Lp-X contained apoE 
and apoCs but no apoA-I or apoB. Very little esterifica- 
tion of cholesterol in the isolated LpX occurred during 
its incubation with recombinant LCAT. However, when 
exogenous apoA-I was added to the reaction mixture in 
the presence of albumin, cholesteryl esters were formed 
at a markedly increased rate. Both phospholipase and 
acyltransferase activities of the LCAT reaction with 
Lp-X were apoA-Idependent. These data indicate that 
isolated LpX, which did not contain apoA-I, was not a 
suitable substrate for recombinant LCAT. Addition of 
both apoA-I and albumin to Lp-X resulted in cholesterol 
esterification when recombinant LCAT, at the concen- 
trations comparable to physiological concentration of 
LCAT in human plasma, was present in the reaction 
mixture. ApoA-I has been recognized as the most potent 
activator for the LCAT reaction in HDL or HDL ana- 
logues (proteoliposomes) (5 ,  29-31). Activation by 
apoA-I observed in our study might be due to its direct 
interaction with LCAT or its binding to LpX, resulting 
in a change of its conformation so that lipid substrates 
are exposed to the enzyme. Alternatively, apoCs or apoE 
on the surface of LpX might prevent the interaction of 
LCAT with lipid substrates and thus exogenous apoA-I 
might displace these apolipoproteins from the surface 
of Lp-X. However, the results from agarose gel electro- 
phoresis followed by Western immunoblotting indi- 

cated that there was no displacement of either apoC or 
apoE from Lp-X by exogenously added apoA-I. 

Interestingly, the electrophoretic mobility of LpX was 
markedly altered upon incubation with apoA-I. Such 
change was not observed upon incubation of Lp-X with 
HDL. As the charge of lipoprotein particles is the pri- 
mary determinant of their electrophoretic mobility (32), 
the increased anodic migration indicates the presence of 
increased number of negative charges on the surface of 
the particle. Anodic migration of LpX due to a change 
in the electrophoretic properties rather than size after 
incubation of postheparin plasma has also been re- 
ported by other investigators (33). The change in the 
electrophoretic mobility observed in our study, there- 
fore, suggests a change in surface charge in LpX in the 
presence of apoA-I. Such change caused by apoA-I might 
be one of the regulatory factors for the LCAT reaction in 
this lipoprotein. We also tested the possibility that apoA- 
I might be required for the interaction of LCAT with 
LpX. However, our results demonstrate that the interac- 
tion of LCAT with isolated Lp-X takes place in the 
presence or absence of apoA-I. Given the fact that there 
was a change in electrophoretic mobility of LpX with no 
change in particle size and apolipoprotein composition 
in the presence of apoA-I, and LCAT by itself was able to 
interact with Lp-X, it is tempting to suggest that addition 
of apoA-I to L p X  may modify the local surface structure, 
which in turn makes the lipid substrates available for 
LCAT. Further study will be needed to make more 
definitive interpretation of these findings. 

In the present study, addition of apoA-I might result in 
dissociation of phosphatidylcholine and cholesterol 
from the surface of Lp-X and the formation of transitory 
HDLlike particles which could then serve as a substrate 
for LCAT. The results obtained from our study sug- 
gested that this was not the case. The average size of the 
isolated Lp-X particle was 46-48 nm in diameter as 
determined by quasi-elastic light scattering analysis. It 
was not changed after incubation with apoA-I. However, 
a reduction in Lp-X size was observed when both apoA-I 
and LCAT were present. The change in the size of Lp-X 
upon LCAT reaction may be explained by the loss of 
phospholipid and unesterified cholesterol as well as the 
formation of cholesteryl esters. 

Previously, Patsch et al. (18) demonstrated that LpX 
could serve as a substrate for partially purified plasma 
LCAT. Unlike LpX isolated by others (12) the LpX used 
by Patsch et al. (18) contained substantial amounts of 
apoA-I and their partially purified LCAT also contained 
serum apoA-I. Their results suggest that the activation by 
apoA-I might have been due to its binding or association 
with Lp-X (18). In contrast, Lp-X isolated in our labora- 
tory contained no apoA-I and our purified recombinant 
LCAT was free of other proteins. Thus, one of the 
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TABLE 4. Apparent kinetic parameters of LCAT activity with 30). Although Lp-X contains albumin, it is probably 
trapped in the center of Lp-X particle as albumin can only 

Km Vmax be detected by denaturing or delipidating the particle 
w (36). Addition of albumin stimulated the LCAT reaction 

65 f 7.50 in isolated Lp-X in the presence of apoA-I. The stimula- 
tory effect of albumin has also been observed by other 

28 f 2.50 investigators and our laboratory in the reaction of LCAT 
with HDL and with synthetic substrates (20,29,30,37). 

different lipoproteins 

nmol/h/pcr M 
0.25 f 0.04 

1.60f0.15 

LPX 
LDL 84 f 8.20 0.32 f 0.05 

HDL 

The values of the apparent K ,  and V,, were determined from 
linear regression analysis of three separate experiments each per- 
formed in duplicate. The low LCAT activities detected when VLDL 
was used as substrate did not permit us to determine accurately the 
apparent K, and Vm,. 

reason$ for the different findings in our laboratory and 
others could be the difference in preparation of LpX, 
content of apolipoproteins, and the presence of other 
lipoproteins. 

The present study has also demonstrated that choles- 
terol esterification by LCAT is in the order of HDL > 
LDL > Lp-X (in the presence of exogenous apoA-I) > 
VLDL. However, the size of these lipoproteins is in the 
order of HDL < LDL < Lp-X < VLDL. These results 
suggest that particle size may also play a role in regulat- 
ing the LCAT reaction. The smaller the lipoprotein 
particles, the better they serve as substrates. Although 
apoA-I has been shown to be a primary activator of 
LCAT in reconstituted HDL or HDL analogues (4, 5, 
29-31), it is not required for LCAT reaction with LDL 
(20). In the present study, cholesterol esterification by 
recombinant LCAT in isolated VLDL or LDL did not 
require exogenous apoA-I. Addition of apoA-I resulted 
in approximately 50% decrease in cholesteryl ester for- 
mation in LDL and VLDL. The mechanism by which 
added apoA-I inhibits LCAT reaction in lower density 
lipoproteins remains to be determined. Chen and Al- 
bers (34) demonstrated that LCAT was also activated by 
apoA-IV or apoE when these apolipoproteins were in- 
corporated into egg yolk phosphatidylcholine-choles- 
terol. Subbaiah, Norum, and Bagdade (35) also observed 
that the absence of apoA-I did not significantly affect 
either the activity or the specificity of LCAT, and the 
other apolipoproteins could substitute adequately for it. 
Our present results are consistent with those reported 

Thus, the level of serum albumin may be an important 
factor regulating cholesterol esterification by LCAT. It 
has been suggested that this stimulatory effect might be 
mediated via binding of lysophosphatidylcholine to albu- 
min which prevents product inhibition of LCAT reaction 
(29,30,38). However, low levels of serum albumin are not 
always linked to a reduction in LCAT activity (39, 40). 
Normal cholesterol esterification in analbuminemia may 
be due to the ability of HDL to store and transport a 
limited amount of lysophosphatidylcholine. The patients 
in our study had low HDL levels. Dullaart et al. (39) 
reported that low albumin levels did not impair LCAT 
activity in proteinuric patients. Joles et al. (40) also 
observed that plasma cholesterol esterification in hypoal- 
buminemic rats was not decreased. Thus, albumin is not 
always an obligatory acceptor of lysophosphatidyl- 
choline. It has been suggested that under hypoalbu- 
minemic conditions, lysophosphatidylcholine may be 
transported via HDL or LDL (39, 40). It is tempting to 
speculate that accumulation of serum Lp-X in patients 
with obstructive jaundice may be caused by combined 

4 Lp-x .s 0.2 
0.1 .: 0 & 

0 4 8 12 16 

Albumin (mg/ml) 

by other investigators (34, 35) that the presence of 
a p o ~ - ~  is not an absolute requirement for LCAT reac- 
tion in Some lipoproteins* Moreover, exogenous aPOA-l 
was also found to have an inhibitory effect on LCAT 
activity on HDL. n i s  inhibitory effect might be ex- 

Fig. 8. Effect of albumin on cholesterol esterification in LpX, HDL, 
LDL, and VLDL. An aliquot of [SH]cholesterol-labeled LpX, heat-in- 
activated HDL, or LDL and VLDL was incubated with recombinant 
LCAT (3 pg/ml) for 5 h at 37°C in the presence of various amounts 
of bovine serum albumin. ApoA-I (8 pg/ml) was included only in the 
LpX reaction mixture. LCAT activity was determined and expressed 
as nmol of cholesteryl ester formed per h per pg of LCAT protein. 

plained the competition Of exogenous apoA-I and Each mint reDreSentS the mean of three experiments and standard 
LCAT for the limited lipid surface ofHDL. 

Albumin is known to stimulate the LCAT reaction in 
proteoliposomes (HDL analogue), LDL, and HDL (29, 

deviabon is indicated as a vertical bar. As a control, cholesterol 
esterification was also determined in lipoproteins in the absence of 
recombinant LCAT and albumin alone did not result in cholesterol 
esterification in lipoproteins. 
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effects of the following factors such as I )  a decrease in the 
serum concentration of apoA-I, a cofactor for cholesterol 
esterification by LCAT; 2) deficiency in LCAT activity 
secondary to liver disease; 3) a decrease in levels of serum 
HDL, which has been suggested to have an ability to store 
and transport lysophosphatidylcholine (39,40); and 4) a 
decrease in serum level of albumin due to reduced 
hepatic synthesis and increased concentration of serum 
bilirubin (formation of conjugated bilirubin). This, in 
turn, interferes with the binding of albumin to lysophos- 
phatidylcholine which is inhibitory to the LCAT reaction. 
However, the physiological role of albumin in plasma 
lipoprotein metabolism remains to be further studied. 

In summary, our results clearly demonstrate that, in 
the presence of apoA-I and albumin, unesterified choles- 
terol and phosphatidylcholine in Lp-X can be used for 
LCAT reaction. Although LCAT can bind to Lp-X, 
apoA-I is required for cholesterol esterification to pro- 
ceed. Addition of apoA-I changes the electrophoretic 
mobility but not the size of the Lp-X particle. Such 
changes are not due to displacement of apoC or apoE 
from the surface of Lp-X by apoA-I. Investigations into 
the physiological significance of these findings are in 
progress. Ilb 
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