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Abstract Serum 1ecithin:cholesterol acyltransferase (LCAT) 
was estimated by enzymatically measuring the decrease in un- 
esterified cholesterol after incubation of serum with liposomes. 
A high-performance liquid chromatography (HPLC) study 
showed the uptake of the lipids of liposomes by serum high 
density lipoprotein. Of all the examined liposomes prepared 
from cholesterol and various synthetic phosphatidylcholines, 
liposomes with dimyristoylphosphatidylcholine (DMPC) were 
found to be the most reactive in the LCAT reaction. When 
serum was used as an enzyme source, addition of purified apo- 
lipoprotein A-I, which is known to be an endogenous activator 
of LCAT, to the assay mixture resulted in a slight decrease in en- 
zyme activity. Using DMPC-cholesterol liposomes as the sub- 
strate, the LCAT activities in 120 human sera showed a mean 
value of 485.4 * 64.6 nmol/hr per ml (mean * SD), which is 
4.4- to 5.4-fold higher than the values obtained by self-substrate 
methods. LCAT activity was a linear function of the serum 
sample volume up to 670 nmol/hr per ml and coefficients of 
variation (CV) less than 4% were obtained under the stan- 
dardized conditions. Moreover, when partially purified LCAT 
was added to various heat-inactivated sera, the activity was 
efficiently recovered. These results suggest that this method is 
sensitive, reproducible, and not greatly influenced by serum 
components. -Manabe, M., T. Abe, M. Nozawa, A. Maki, 
M. Hirata, and H. Itakura. New substrate for determination 
of serum 1ecithin:cholesterl acyltransferase. J. Lipid Res. 1987. 
28: 1206-1215. 
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Lecithin:cholesterol acyltransferase (LCAT, EC 2.3.1.43) 
is known to catalyze the transfer of a fatty acyl group from 
phosphatidylcholine to unesterified cholesterol, thereby 
forming lysophosphatidylcholine and cholesteryl ester (1). 
In human serum, this enzyme is thought to exist on the 
surface of high density lipoprotein (HDL) and plays a 
major role in the transport of cholesterol from the 

peripheral tissues to the liver (2, 3). In addition to the 
importance of the enzyme in lipoprotein metabolism (4, 
5), the serum LCAT activity has been reported to have 
clinical significance in various diseases (6-8). 

Although a variety of methods using a natural (9, 10) 
or artificial substrate (11-15) have been employed for 
estimating the serum LCAT activity, technical difficulties 
have prevented wider use of plasma LCAT assay in clini- 
cal laboratories. 

Nagasaki and Akanuma (16) reported a simple method 
for the determination of LCAT activity by enzymatically 
measuring the change in the concentration of unesterified 
cholesterol. However, this method is not sensitive due to 
the low esterification rates. 
In this report we describe a simple method for sensitive 

determination of the serum LCAT activity, using di- 
myristoyl phosphatidylcholine (DMPC)-cholesterol lipo- 
somes as the substrate. 

MATERIALS AND METHODS 

Reagents 

Phosphatidylcholines, palmitoyl lysophosphatidylcho- 
line, cholesterol, glutathione, and heparin were purchased 
from Sigma Chemical Co. Bovine serum albumin (BSA, 
essentially fatty acid-free grade) and hydroxyapatite were 

Abbreviations: LCAT, 1ecithin:cholesterol acyltransferase; apaA-I, 
apolipoprotein A-I; HDL, high density lipoprotein; DMPC, dimyristoyl- 
phosphatidylcholine; BSA, bovine serum albumin; EDTA, ethylenedi- 
aminetetraacetate; Tris, tris(hydroxymethy1)methylamine; CV, coefficient 
of variation; HPLC, high performance liquid chromatography. 
‘To whom reprint requests should be addressed. 
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obtained from United Biochemicals Corp. and Behring 
Diagnostics (California), respectively. DEAE-cellulose 
and protein-A Sepharose were supplied by Pharmacia 
Fine Chemicals. Triton X-100, N,N-diethyl-m-toluidine, 
potassium biphthalate, uric acid, glucose, ascorbic acid, 
N-ethylmaleimide, and anticoagulants other than heparin 
were purchased from Kishida Chemical Co. (Tokyo). 
Cholesterol oxidase (203 U/ml), peroxidase (238 U/mg), 
and other enzymes were obtained from Toyojozo Co., Ltd. 
(Shizuoka, Japan). Tris, EDTA disodium salt, 4-amino- 
antipyrine, bilirubin, rabbit anti-human apolipoprotein 
A-I (apoA-I) antisera, and ApoA-I plate “DAIICHIn,2 a 
commercially available kit for the determination of 
apoA-I, were supplied by Daiichi Pure Chemicals Co., 
Ltd. (Tokyo). 

Specimens 

Human sera were obtained from patients admitted to 
the Third Department of Internal Medicine, Faculty of 
Medicine, the University of Tokyo, and from apparently 
healthy volunteers (normal sera) after an overnight fast. 
Diagnosis was established on the basis of physical exami- 
nation and the laboratory findings. Hemolyzed specimens 
were prepared by the addition of hemolyzed erythrocyte 
solution (in 10 mmol/l phosphate buffer, pH 7.4) to 
serum. The hemoglobin concentration was determined by 
the cyanmethemoglobin method (17). 

Preparation of liposomes 

We used liposomes containing lecithin-cholesterol in a 
molar ratio of 2.63:l to avoid interaction of the liposomes 
with serum apolipoproteins and/or proteins possibly con- 
taminating the commercial preparation of BSA (18). A 
chloroform-methanol 2:l (v/v) solution containing 108 
pmol of phosphatidylcholine and 41 pmol of cholesterol 
was evaporated to dryness under nitrogen, and then 10 ml 
of a 62.5 mmol/l Tris solution (pH 10.5) was added to the 
dried lipid mixture. After the lipids were allowed to swell 
at 37OC for 60 min, a suspension containing all the lipid 
materials was prepared by agitation with a vortex mixer. 
This suspension was diluted to 80 ml with the 62.5 mmol/l 
Tris solution (containing 50 pmol of palmitoyl lysophos- 
phatidyl choline) and sonicated for 40 min at 30-40°C 
using a 300 W ultrasonic disintegrator (model US-300, 
Nihon Seiki Co., Tokyo). The resulting vesicles were 
dialyzed against the 62.5 mmol/l Tris solution and filtered 
through a 0.22-pm Millipore filter. Then the particle sizes 
were estimated by photon correlation spectroscopy (Particle 
Sizer, model BI-90, Brookhaven Instruments Corp.). 

*ApaA-I plate “DAIICHI” is a trade name of Daiichi Pure Chemicals 
Co., Ltd. 

Preparation of substrate solution 
Three grams of BSA was solubilized in 80 ml of the 

liposome solution. This intermediate liposome-BSA solu- 
tion was stable at -2OoC for at least 3 months. Before 
use, the liposome-BSA solution was adjusted to pH 7.3 by 
the addition of 1.75 g of EDTA disodium salt powder and 
diluted to 100 ml with deionized water. The prepared sub- 
strate was kept in an ice bath during the experiment and 
was stable for 4 days at 10°C. 

Assay of enzyme activity 
Two hundred pl of serum was added to 500 pl of sub- 

strate solution in a stoppered test tube and mixed. Two 
hundred p1 of the mixture was placed in a test tube con- 
taining 50 pl of a 50 g/1 Triton X-100 solution as an inhibi- 
tor of the LCAT reaction (S 0 min). This test tube 
(S 0 min) was incubated for 40 min at 37OC. The remain- 
ing mixture was incubated for 40 min at 37OC, and 200 
pl of the mixture was taken into another test tube contain- 
ing the Triton X-100 solution mentioned above (S 40 min). 
Subsequently, these samples (S 0 min and S 40 min) were 
mixed with 3 ml of working reagent for cholesterol analy- 
sis, which contained 100 pl of cholesterol oxidase, 0.13 mg 
of peroxidase, 20 pl of N,N-diethyl-m-toluidine, 5.2 mg of 
4-aminoantipyrine, 0.2 g of Triton X-100, and 50 mmol/l 
of potassium biphthalate (pH 6.1) in a final volume of 100 
ml. Then the reagent mixtures were allowed to stand for 
10 min at 37OC, and the developed color was measured at 
545 nm on a Gilford spectrophotometer (model 1220, Gil- 
ford Instrument Laboratories Inc.). Simultaneously, the 
reagent blank and standard values were also measured. 
For the colorimetric analysis of cholesterol, a 500 nmol/l 
recrystallized cholesterol solution (in isopropanol) was 
used as a standard. The molar activity and fractional 
activity of serum LCAT were calculated by the following 
equations. 

Molar activity (nmol/hr per ml) - 

Fractional activity (%/hr) - A(o min) - A(40 min) x -  6o 
A(O min) - A(RB) 40 

where A(O min) = absorbance of sample before LCAT 
reaction; A(40 min) = absorbance of sample after LCAT 
reaction; A(std) = absorbance of standard solution; 
A(RB) = absorbance of blank test; 3.5 = dilution factor 
of samples; 500 = cholesterol concentration in standard 
solution (nmoVm1); and 40 = incubation time for LCAT 
reaction (min). 

In order to compare this method with the endogenous- 
substrate method, determination of the serum LCAT 
activity was also performed by the method reported by 
Nagasaki and Akanuma (16). 
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Analysis of free cholesterol, total cholesterol, and 
phospholipid of serum lipoproteins and liposomes 

The separation of serum lipoproteins and liposomes 
was carried out using HPLC (Waters Associates) with 
columns for gel permeation chromatography (TSK GEL 
G 5000 PW and G 3000 SW, Toyo Soda Mfg. Co., Tokyo) 
(19). The quantitation of free cholesterol and phospho- 
lipid was performed by enzymatic reactions (19, 20). The 
enzyme solution was added to the eluate from the column, 
and the concentrations of free cholesterol, total choles- 
terol, and phospholipid were measured by absorbance 
after passage through the reactor (stainless steel tube) at 
37OC. 

100~ 

80- 

60. 

40. 

20. 

Enzyme preparation 
LCAT was purified from human plasma by the proce- 

dure of Akanuma and Glomset (21), which consists of 
DEAE-cellulose column chromatography, precipitation 
with ammonium sulfate, and hydroxyapatite chromatog- 
raphy. Then, the resulting crude preparation of LCAT 
was applied to a column containing rabbit antihuman 
apoA-I immunoglobulin adsorbed to protein-A Sepharose 
and washed with a 10 mmol/l Tris-EDTA buffer (pH 7.3). 
The effluent was collected and concentrated. No contami- 
nation by apoA-I was seen in the final preparation by 

c14 
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.. 
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Temperature 
Fig. 1. Relative reaction rate of serum LCAT with phosphatidyl- 
choline-cholesterol liposomes at various temperatures. The reaction rate 
with DMPC liposomes at 4OoC was taken as 100. Each fatty acyl chain 
of phosphatidylcholines is indicated as dilauroyl (A),  dimyristoyl (e), 
dipalmitoyl (O), distearoyl (n), dioleoyl (a), and dilinoleoyl (A) ,  respec- 
tively. 

means of Ouchterlony immunodiffusion or SDS-poly- 
acrylamide gel electrophoresis. The enzyme activity in 
each fraction was estimated by our assay method, in 
which the specimen for the LCAT determination was a 
mixture of 50 pi of fractionated eluate and 150 pl of heat- 
inactivated plasma that had been preincubated for 1 hr at 
37OC. The protein concentration was determined by the 
method of Lowry et al. (22), using BSA as the standard. 
Purification was approximately 100-fold when the activity 
was measured in the presence of heat-inactivated original 
plasma. 

Purification of apoA-I 
ApoA-I was isolated from normal human plasma by the 

method of Cheung and Albers (23). A single band was ob- 
served in SDS-polyacrylamide gel electrophoresis of the 
final apoA-I preparation. 

Determination of lipids and apoA-I 

Phosphatidylcholine (24), total cholesterol (25), and 
unesterified cholesterol (16) were determined enzymati- 
cally. Estimation of the apoA-I concentration was per- 
formed with the commercially available kit, ApoA-I plate 
“DAIICHI” (26). 

RESULTS 

Effect of the nature of liposomes on LCAT activity 

In order to develop an effective substrate for LCAT, 
liposomes were prepared from various kinds of phos- 
phatidylcholines. The liposomes were then used as the 
substrate for assaying the LCAT activity in serum samples 
in the presence of 30 g/1 BSA and 50 mmol/l Tris-EDTA 
buffer. Fig. 1 shows the relative reaction rates with six 
diverse substrates, with the activity with DMPC lipo- 
somes at 4OoC taken as 100; it also shows their depen- 
dence on the reaction temperature. The highest rate was 
obtained with DMPC liposomes, followed in order of 
decreasing relative activity by dipalmitoylphosphatidyl- 
choline, dilauroylphosphatidylcholine, dilinoleoylphos- 
phatidylcholine, dioleoylphosphatidylcholine, and distear- 
oylphosphatidylcholine. Qualitatively similar trends of 
thermodependence of the activity were observed with 
DMPC and dilauroylphosphatidylcholine liposomes. On 
the other hand, the pattern of the temperature-activity 
curve with dipalmitoylphosphatidylcholine liposomes was 
different from the patterns with DMPC and dilauroyl- 
phosphatidylcholine; the patterns of the other substrates 
were unclear due to low availability of the materials for 
the reaction. The reaction with dipalmitoylphosphatidyl- 
choline liposomes appeared to be the most thermodepen- 
dent within the examined ranges and required a higher 
temperature to be optimized in comparison with the 
behaviors of DMPC and dilauroylphosphatidylcholine. 
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Subsequently, we examined the effects of DMPC lipo- 
somes with different particle sizes on the serum LCAT ac- 
tivity, keeping the DMPC and cholesterol concentrations 
almost constant. Lipid dispersions obtained by vortexing 
were sonicated for various periods to give a series of lipo- 
somes with various sizes, and the mean diameters of the 
resulting vesicles were estimated by photon correlation 
spectroscopy after filtration through a 3.0-pm Millipore 
membrane filter. As shown in Fig. 2, the mean diameters 
of the liposomes covered a range of 50 to 500 nm, depend- 
ing on the sonication period. The detected serum LCAT 
activity increased as the particle size of the liposome 
substrate decreased, and it reached a plateau when lipo- 
somes with a diameter of less than 80 nm were used. 

Interaction between serum lipoproteins and liposomes 
Fig. 3 shows the elution patterns for liposomes, serum, 

and the mixture of serum and liposomes before and after 
incubation. These patterns were obtained by detecting 
free cholesterol as well as phospholipid using the HPLC 
system. Incubation of liposomes with serum resulted in a 
significant decrease in the peak area of free cholesterol 
(Fig. 3, A-d peak 1 + 2) and phospholipid (Fig. 3, B-d peak 
1) of liposomes and an increase in the peak areas of both 
lipids of HDL (Fig. 3, A-d peak 5 and B-d peak 5). On 
the contrary, when serum was incubated with liposomes 
in the presence of 100 mM N-ethylmaleimide, an LCAT 
inhibitor, no significant changes in elution pattern were 
observed when monitored by detecting the free choles- 
terol. These results clearly demonstrate that free cho- 

I I 

0 IO 20 30 40 50 

Sonication period (min.) 
Fig. 2. The relationship between relative reaction rate of serum LCAT 
when the reaction rate with liposomes possessing a mean diameter of 
50 nm was taken as 100 (0) and the particle sizes of DMPC liposomes 
were estimated by photon correlation spectroscopy (0). A series of 
liposomes with different sizes was obtained by changing the sonication 
period. 

lesterol and DMPC in liposomes are easily taken up by 
HDL during the LCAT reaction. The elution patterns 
monitored by detecting the total cholesterol are shown in 
Fig. 4, where the increase in total cholesterol was 
observed only in the HDL region after the incubation of 
serum with liposomes. 

Optimal conditions for LCAT reaction 
The detected serum LCAT activity was dependent 

upon the liposome concentration in the reaction mixture 
(Fig. 5). When a 30 g/l BSA solution (in 50 mmol/l 
Tris-EDTA buffer, pH 7.4) was added to serum instead of 
the substrate, the obtained LCAT activities were ex- 
tremely low. The optimal concentration, expressed as the 
concentration of cholesterol in the liposomes, was found 
to be 0.41 mmol/l or greater with all the examined 
samples in spite of slight variation in the patterns of the 
saturation curves, although the samples varied with the 
concentration of endogenous free cholesterol. We chose a 
concentration of 0.41 mmol/l, since an excess of liposomes 
is undesirable for the subsequent colorimetric analysis of 
cholesterol. 

BSA, which has conventionally been used in LCAT 
assays, was also effective for the reaction in our study. 
Although the activation was saturated at a concentration 
of 5 g/l, 30 g/l BSA was selected because of its contribu- 
tion to the stability of the liposomes during the preserva- 
tion below 0%. 

The optimal pH of the substrate solution is 7.1-7.4, so 
we chose a pH of 7.3. At this pH, 50 mmol/l Tris-EDTA 
buffer was preferable to other possible buffers, such as 
Good's buffers (BES, HEPES, MES, MOPS, and PIPES), 
Tris-HC1, Tris-borate, Tris-citric acid, and phosphate 
buffer. 

The addition of purified apoA-I, which is considered to 
be a potent activator of LCAT, to the assay medium re- 
sulted in no further activation under these conditions 
(Fig. 6). The LCAT reaction was inhibited at higher con- 
centrations of apoA-I, independent of the presence of 
BSA. Based upon this finding, which differs from those of 
other investigators (11-13, 27), experiments were performed 
without addition of exogenous apoA-I. 

Fig. 7 shows the time course of the decrease in the un- 
esterified cholesterl concentration in the assay medium 
during the incubation. The time course is essentially 
linear during about the first 60 min of incubation and 
subsequently falls off to a lower rate. Hence, for detection 
of the initial rate of the reaction, we used sampling 
periods of 40 min. 

Linearity, normal value, precision, and accuracy 
The function relating the sample volume included in 

the assay medium and the activity was linear up to at least 
670 nmol/hr per ml, although the activities with serum 
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Fig. 3. HPLC elution patterns of free cholesterol (A) and phospholipid (B) for liposomes (a), serum (b), the mix- 
ture of liposomes and serum before incubation (c), and after incubation for 3 hr at 37OC (d). Peaks: 1, liposome; 
2, chylomicron; 3, very low density lipoprotein; 4, low density lipoprotein; 5, HDL; 6, albumin. 

samples diluted more than five times tended to be less 
than the theoretically expected values (Fig. 8). 

Using 120 samples from healthy volunteers, determina- 
tion of the serum LCAT activity by this method gave a 
mean value and SD of 485.4 * 64.6 nmol/hr per ml in 
terms of the molar activity, and the average fractional 
activity was 21.3%/hr. This value corresponds to a change 

a) bJ 

of 0.088 in absorbance by the enzymatic cholesterol 
method, indicating that this assay is highly sensitive. 

To estimate the day-to-day precision of this method, we 
made duplicate determinations over a period of 8 days on 
three sera with different LCAT activities. The CVs for the 
three sera were 3.4, 2.3, and l.6%, respectively. The 
within-run precision was also evaluated for the same three 

CJ d) 

30 40 50 30 40 50 30 40 50 30 40 50 

Elution time (minJ 

t , , , , , , , , , 

Fig. 4. HPLC elution patterns of total cholesterol for liposomes (a), serum (b), the mixture of liposomes and 
serum before incubation (c), and after incubation for 3 hr at 37OC (d). Peaks: 1, liposome; 2, chylomicron; 3, very 
low density lipoprotein; 4, low density lipoprotein; 5, HDL. 
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acid up to sample concentrations of 100 mg/l, 5 g/l, 100 
mg/l, 500 mg/l, and 40 mg/l, respectively. Anticoagulants 
also had no effect on the enzyme activity at the concentra- 
tions of laboratory use. However, addition of a hemolyzed 
erythrocyte solution to the assay medium caused consid- 
erable inhibition. The enzyme activity was reduced by 
about 30% at a sample concentration of 10 g/1 of hemo- 
globin. Therefore, we did not apply this method to the 
hemolyzed specimens. 

Correlation between self-substrate and 
proposed methods 

The LCAT activities in 59 serum samples from patients 
with various diseases were estimated by both the proposed 
method and the self-substrate method of Nagasaki and 
Akanuma (16), and the results were subjected to regres- 
sion analysis. The determined activities lay in a wide 
range, and discrepancies were often observed between the 
two methods. The correlation coefficient, slope, and inter- 
cept of the regression curve were calculated to be 0.8780, 
3.982, and +90.8, respectively, when plotting the results 
with our method on the ordinate (y-axis). 

Liposome concentration (mmoi/L) 
DISCUSSION 

Fig. 5 .  Activation of serum LCAT by addition of liposomes. Each 
saturation curve was representative of the results with serum samples 
from four individuals. The liposome concentration in the substrate was 
expressed as that of cholesterol in the liposomes. 

sera, and 12 replicate determinations showed CVs of 3.7, 
2.6, and 1.8%, respectively. 

The serum LCAT activity is considered to be influ- 
enced not only by the nature of the substrate but also by 
endogenous cofactors and the lipid composition. There- 
fore, the enzyme was partially purified from human plasma 
and subjected to a preliminary recovery experiment. A 
50-pl volume of enzyme preparation was added to each 
150 pl of heat-inactivated sera, which varied in lipid 
composition and apoA-I content, followed by determina- 
tion of the LCAT activity. Since the suitability of this 
method for the estimation of purified LCAT activity has 
not yet been assessed, the percentage recovery could not 
be calculated. Table 1 shows, however, that similar activi- 
ties were recovered with this method, in spite of the differ- 
ences in the serum components of the specimens. 

Interfering substances 

The effects of possible interfering substances other than 
lipids and cofactors were examined. Various substances 
were separately dissolved in saline, and the resultant 
saline solutions were added to serum samples not to ex- 
ceed 20% of the total volume. When these mixtures were 
used as specimens, no significant inhibition was observed 
with uric acid, glucose, bilirubin, glutathione, or ascorbic 

Based upon the nature and source of the substrate, the 
existing methods fall into two general categories. One is 
called endogenous self-substrate methods, where the 
LCAT activity is determined by measuring the rate of 

6ol BSA (-) 

I 

0 too 200 300 

Apo A- I added to assay mixture (pg/assoy) 
Fig. 6. Effect of apoA-I on relative reaction rate of serum LCAT in the 
presence (0) or absence (0) of BSA. The reaction rate of serum LCAT 
free of both BSA and apoA-I was taken as 100. 
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20 40 60 80 100 

Incubation time ( m i d  
Fig. 7. Time course of cholesterol esterification in assay medium 
containing substrate and serum, expressed as decrease in unesterified 
cholesterol concentration; serum 1, (0); serum 2, (0). 

enzymatic conversion of labeled cholesterol to cholesteryl 
ester after equilibration of plasma with radioactive 
cholesterol (9) or by directly measuring the decrease in 
endogenous unesterified cholesterol after incubation of 
plasma itself (16, 28, 29). The second category is the 
exogenous common substrate methods, which use heat- 
inactivated plasma (10) or artificial proteoliposomes con- 
taining apoA-I, phosphatidylcholine. and cholesterol (12, 
13, 15) as the substrate. 

In the last few years, artificial substrates have been 
preferred rather than heat-inactivated plasma because 
denatured lipoproteins are poor substrates for LCAT and 
marked variations in the enzyme activity occur when 
different substrate sources are used (30). The artificial 
substrate method, however, required purified a p d - I  from 
human plasma and special instrumentation for the radio- 
assay technique. 

In earlier studies, Nichols and Gong (14) reported that 
sonicated dispersions of unesterified cholesterol and phos- 
phatidylcholine were able to serve as the substrate and 
that the initial rate of esterification was comparable to the 

results with a heat-inactivated plasma substrate. While 
phosphatidylcholine-cholesterol liposomes were also uti- 
lized in this study, the esterification rates found in normal 
serum samples were 4.4-5.4 times higher than those in 
other reports (9, 10, 14, 16). This high reactivity of the 
proposed substrate may be explained by the apparent 
LCAT substrate specificity for phosphatidylcholine and 
by the effect of the physical state of liposomes on the inter- 
action with plasma lipoproteins. 

It is well known that DMPC liposomes are susceptible 
to disruption by apolipoproteins, thereby forming dis- 
coidal lipid-apolipoprotein complexes (31). However, this 
effect of apolipoproteins depends greatly upon the choles- 
terol content of the liposomes (18). The liposomes we em- 
ployed are relatively rich in cholesterol (molar ratio of 
DMPC-cholesterol, 2.63:1), so that modification of the 
liposomes by endogenous apolipoproteins is not likely to 
occur. In fact, the incubation of liposomes with serum, in 
the absence of LCAT activity, resulted in no significant 
changes in the elution pattern monitored by detecting free 
cholesterol, indicating that small vesicles of lipid-apoA-I 
complexes could not be formed. On  the other hand, in the 
presence of LCAT activity, a significant increase in free 
cholesterol in the HDL region was observed. When the 
elution patterns were monitored by detecting total choles- 
terol, an increase in the peak area was also seen in the 

V 
0 50 100 150 200 

Serum volume ( y I )  

Fig. 8. Serum LCAT activity as a function of serum volume. Various 
volumes of fresh serum were diluted to a final volume of 200 PI with 
saline and used as specimens for LCAT determination. 
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TABLE 1. Activities of prepared enzyme in the presence of heat-inactivated sera from patients 
with various diseases 

Laboratory Test Results for Serum before Inactivation Measured 
Patient LCAT 

Diagnosis ApoA-I T-Cho F-Cho PL LCAT Activity 

mg/dl nmol per hi pm ml 

1 Normal 150 240 60 280 528 318 
113 147 45 185 204 303 2 Liver cirrhosis 
84 188 57 201 376 325 3 Liver cirrhosis 

4 Chronic hepatitis 148 228 60 262 438 295 
5 Chronic hepatitis 91 167 49 188 292 307 
6 Hyperlipidemia 182 317 104 32 1 472 318 
7 Hyperlipidemia 206 280 73 407 625 295 

T-Cho, total cholesterol; F-Cho, unesterified cholesterol; PL, choline-containing phospholipids. 

HDL region after incubation of liposomes with serum. 
This result possibly means that the cholesteryl esters 
formed by the LCAT reaction, which proceeds on the sur- 
face of HDL, might be accumulated within the HDL par- 
ticles. Another possible explanation is that LCAT might 
react with interfacial lipids on the surface of liposomes 
saturated with endogenous apolipoproteins, and the 
resultant cholesteryl esters are transferred to HDL. How- 
ever, the latter explanation is less likely, since it is hard to 
believe that cholesteryl esters would be transferred to 
HDL rather than to LDL by the lipid transfer system. On 
the basis of these findings, liposomes added to serum seem 
to be rapidly taken up by HDL in the presence of LCAT 
activity and subsequently serve as the substrate for LCAT 
on the surface of HDL. 

A similar activating effect of liposomes on the acylcoen- 
zyme A:cholesterol acyltransferase reaction was investi- 
gated by Mathur and Spector (32). They suggested the 
formation of a complex from liposomes and microsomal 
extracts containing the enzyme (32). Likewise, the appar- 
ent activity of LCAT can be enhanced by changes in the 
lipid composition on the surface of HDL, with which the 
enzyme is associated, through the uptake of lipid mole- 
cules from liposomes (33). 

If the interactions between liposomes and HDL result 
from collisions, as reported by Chobanian, Tall, and 
Brecher (34), the enzyme activity would be greatly 
affected by not only the lipid composition but also the 
particle size of the liposomes. Indeed, the extent to which 
serum LCAT was activated showed a dependence on the 
particle size of the liposomes used as the substrate. 

Consequently, with respect to the phospholipid fatty 
acyl composition, serum LCAT was most active when the 
added liposomes were prepared from DMPC, although it 
is believed that phosphatidylcholines with unsaturated 
fatty acyl chains at the sn-2 position were preferable sub- 
strates for LCAT (3, 35). However, Pownall, Pao, and 
Massey (36) recently prepared LCAT substrates (reas- 
sembled HDL) from apoA-I, the nonhydrolyzable diether 
analog of phosphatidylcholine, test phosphatidylcholines 

and a trace of [SH]cholesterol, and they showed that 
DMPC was a good phosphatidylcholine substrate. Also 
Yokoyama, Murase, and Akanuma (37) reported that 
DMPC was more available for the LCAT reaction than 
dilinoleoylphosphatidylcholine or dipalmitoylphosphatidyl- 
choline when phosphatidylcholines were incorporated 
into HDL. Their results are in accordance with ours with 
regard to the usefulness of DMPC-cholesterol liposomes 
for estimating the LCAT bound to HDL, since the lipo- 
somes in our method are considered to serve as the sub- 
strate after being incorporated into HDL. Then it is 
logical to surmise that the different findings for apparent 
substrate specificities in other studies are possibly due to 
differences in the liposome preparations and/or different 
enzyme sources. 

The observed substrate specificities of LCAT in the 
serum might be closely connected with the transition tem- 
perature of phosphatidylcholine. This is because dipal- 
mitoylphosphatidylcholine, with a transition temperature 
higher than 37OC, was less utilized by LCAT below this 
temperature, while the activity with DMPC, whose tran- 
sition temperature is at 23.9"C (31), reached a maximum 
at about 36OC. 

The effect of endogenous substrates seems to be 
minimized in our method since similar saturation curves 
were observed with sera from four individuals, irrespec- 
tive of the endogenous lipid concentrations, when various 
concentrations of liposomes were added to the sera. Addi- 
tionally, in the absence of liposomes, the LCAT activities 
in the sera diluted with a 30 g/l BSA solution are con- 
sidered to represent the LCAT activities with endogenous 
substrates under our assay conditions, and they were ex- 
tremely low. Thus, it is surmised that liposomes could be 
a more effective substrate pool for the LCAT reaction than 
the endogenous lipoproteins, so that the LCAT activities 
are independent of the endogenous substrate's effect. 

In contrast to many other reports (11-13, 27, 38), addi- 
tion of apoA-I to the assay medium caused a slight 
decrease in enzyme activity. This discrepancy seems to 
derive from the difference in the reaction mechanism be- 
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tween our method and the other apoA-I proteoliposome 
methods. In our method, the LCAT reaction proceeds 
upon the surface of native HDL particles, into which the 
lipid molecules of liposomes were transferred, depending 
on the enzyme activity. On  the other hand, the purified 
LCAT used in the other studies reacts with the interfacial 
lipids of the apoA-I proteoliposomes, with which the 
enzyme has been associated. Since the formation of a 
stable apoA-I-liposome complex possibly inhibits the up- 
take of the lipid molecules from liposomes and reduces the 
enzyme activity in our method, the inhibitory effect of 
apoA-I, shown in Fig. 6, may indicate the occurrence of 
a weak interaction between liposomes and an excess 
amount of exogenous apoA-I. An alternative explanation 
for the absence of an activating effect of apoA-I is that the 
liposomes are already saturated with endogenous apoA-I 
or contaminating apoA-I originating from BSA. However, 
the latter explanation is less likely, because our observa- 
tions in the HPLC study negate the possibility of forma- 
tion of an endogenous apoA-I-liposome complex. Also, 
the effect of BSA in this experiment was negligible, since 
the inhibition of LCAT activity by apoA-I was observed 
to be independent of the presence of BSA. 

BSA is considered to minimize product inhibition by 
binding lysolecithin and to stabilize the enzyme during 
incubation (15, 39). Therefore, in order to avoid possible 
interference, the commercial preparation of BSA should 
be purified when the contaminating apolipoproteins are 
not negligible. 

Since our liposomes are not capable of association with 
LCAT and the LCAT reaction proceeds upon the native 
lipoproteins, one may assume that the LCAT activity ob- 
tained by this method should depend on the endogenous 
apoA-I content of the serum. However, apoA-I does not 
seem to be an absolute activator of LCAT because the 
laboratory findings of patients with HDL deficiency sug- 
gested the presence of an alternative lipoprotein which 
promotes the LCAT reaction in the patient's serum (40). 
From this suggestion, it is possible to speculate that the 
concentration of apoA-I in serum does not exert any 
apparent effect on the LCAT in our method. 

With regard to the effect of the concentration of 
endogenous substrate, if the lipoproteins associating with 
the enzyme are able to incorporate the lipid molecules of 
the liposomes, the LCAT reaction may proceed irrespec- 
tive of the endogenous substrate concentration. These 
considerations led us to examine the variability in the 
recovered activity of prepared enzyme added to various 
heat-inactivated sera, including samples from patients 
with liver cirrhosis, chronic hepatitis, and hyperlipidemia. 
As shown in Table 1, in spite of the differences in LCAT 
activity before inactivation, and the apoA-I and endoge- 
nous substrate concentrations in the samples, the ob- 
served activities in those samples were almost constant. 
This result means that interference due to an abnormal 

lipoprotein composition in a pathological state can be 
largely avoided. 

The absence of an effect by the endogenous cofactors in 
our method is supported by other findings in our experi- 
ments. First, our HPLC study showed that the lipid 
molecules of liposomes are transferred into HDL, de- 
pending on the LCAT activity. This lipid uptake by HDL 
does not seem to be mediated by apoA-I. Second, the in- 
sensitivity of our method to quantitative changes in the 
endogenous cofactors was shown in Fig. 8, where a linear 
relationship was observed between the LCAT activity and 
the serum volume in the assay medium. This result means 
that the LCAT activity is scarcely influenced by the con- 
centration of endogenous cofactors in the assay medium. 
On the basis of these findings, it is surmised that apoA-I 
could not be directly involved in the LCAT reaction with 
liposomes, and that the added liposomes must be the most 
important rate-limiting factor in the reaction. 

Therefore, the discrepancy between the results with our 
method and those with the Nagasaki and Akanuma 
method (16) may be due to the fact that self-substrate 
methods measure both enzyme and substrate effects. 

On  the other hand, enzymatic analysis of the choles- 
terol content of liposomes was highly quantitative, even in 
the presence of serum components (data not shown). The 
present method has the advantages of being less time- 
consuming, very sensitive, and highly reproducible. A 
comparative study of our new method and the conven- 
tional methods is now being carried out. I 
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