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The lipoprotein lipase-catalyzed hydrolysis of triacylglycerol was determined in a lipid monolayer containing 
egg phosphatidylcholine and tri[ 14C]oleoylglycerol. In the presence of purified bovine milk lipoprotein lipase 
and fatty acid-free albumin, the rate of hydrolysis of tri[ 14C]oleoylglycerol, as determined by the decrease in 
surface activity, was dependent upon enzyme concentration and was enhanced by the addition of apolipoprotein 
C-II, the activator protein for the enzyme. Increasing the triacylglycerol content of the phospholipid 
monolayer from 1 to 6 mol% (relative to phospholipid) enhanced the rate of catalysis in the presence and 
absence of apolipoprotein C-II. However, at low substrate concentrations (less than 4 mol% tri[ 14C]oleoyl- 
glycerol), the activation factor for apolipoprotein C-II was greater than at high (4-6 mop%) triacylglycerol 
concentrations. The addition of sphingomyelin to the phosphatidylcholine monolayer decreased lipoprotein 
lipase activity. Based on these monolayer studies, we conclude that lipoprotein lipase catalyzes the hydrolysis 
of triacylglycerol at a phospholipid interface and that the rate of catalysis is dependent on the lipid 
composition of the monolayer. 

Introduction 

Lipoprotein lipase (EC 3.1.1.34) catalyzes the 
hydrolysis of triacylglycerols transported in plasma 

chylomicrons and very low density lipoproteins 
(VLDL) [l]. For maximal activity, the enzyme 
requires apolipoprotein C-II, a 78 amino acid pro- 
tein present in triacylglycerol-rich lipoproteins and 
in high density lipoproteins (HDL) (see Refs. 2-4, 

for review). Although the rate of catalysis is much 
less than that for triacylglycerol, lipoprotein lipase 
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also has phospholipase activity and catalyzes the 

hydrolysis of phosphatidylcholine and phos- 
phatidylethanolamine [5-121. 

The mechanism of action of lipoprotein lipase 

is not known; this is partly due to the complicated 
nature of the substrate. Triacylglycerol-rich lipo- 
proteins are considered to be micellar structures 
with an inner core consisting of the neutral lipids, 
triacylglycerol and cholesteryl ester, and an outer 
monolayer of phospholipid, unesterified cholester- 
ol, and protein (see Ref. 13, for a review). For the 
catalysis of triacylglycerols, either lipoprotein 

lipase must penetrate to the inner core of the 
lipoprotein particle or, alternatively, lipoprotein 
lipase may catalyze the hydrolysis of triacyl- 
glycerol contained within the phospholipid mono- 
layer. The purpose of the present studies was to 
develop a monolayer system containing phos- 
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pholipid and triacylglycerol so as to determine the 

mechanism of action of lipoprotein lipase at a 
lipid interface. Monolayers of egg phosphati- 

dylcholine were prepared containing l-6 mol% 
tri[ I4 Cloleoylglycerol. In the presence of fatty 

acid-free bovine serum albumin, lipoprotein lipase 
catalyzes the hydrolysis of triacylglycerol in an 

enzyme-dependent manner and the rate of cataly- 

sis is enhanced by apolipoprotein C-II. 

Materials and Methods 

Methods 

Tri[ carboxyl- 1 - I4 Cloleoylglycerol (90 mCi/ 

mmol) and [ 1 - I4 Cloleic acid (53 mCi/mmol) were 
purchased from New England Nuclear. The radio- 
actively labeled lipids were purified by thin-layer 
chromatography on silica gel 60 plates (Merck) 
developed in a solvent system of petroleum 
ether/diethyl ether/formic acid (60 : 40 : 1.5, v/v). 
Egg phosphatidylcholine was isolated from egg 
yolk and purified by high-pressure liquid chro- 

matography [ 141. ( methyf-‘4C)-labeled egg phos- 
phatidylcholine was prepared by the method of 

Stoffel et al. [ 151. Bovine brain sphingomyelin, 
dioleoylphosphatidylcholine, monoolein, diolein, 
triolein and oleic acid were obtained from Applied 
Science. The purity of each lipid was established 
by thin-layer chromatography in petroleum 
ether/diethyl ether/formic acid (60 : 40 : 1.5, v/v) 
or in chloroform/methanol/acetic acid/water 
(90: 30: 8 : 2.8, v/v). All lipids were prepared as 

stock solutions in chloroform. Fatty acid-free 
bovine serum albumin (fraction V) and heparin 

(porcine mucosal) were purchased from Sigma. 

Isolation of lipoprotein lipase, HDL and apolipo- 

protein C-II 
Lipoprotein lipase was isolated from bovine 

skimmed milk by affinity chromatography on 
heparin-Sepharose 4B (2.5 mg heparin/ml gel) as 
described by Kinnunen [16]. The purified enzyme 
had a specific activity of 36 mmol oleic acid re- 
leased/h per mg in an assay system of tri[carb- 
oxyl-l-‘4C]oleoylglycerol emulsified with Triton 
X- 100 [ 171. Lipoprotein lipase was stored at 
-70°C in 50% glycerol at a concentration of 0.4 
mg/ml. Dilutions of lipoprotein lipase were pre- 
pared daily in 10 mM Tris-HCl (pH 8.4)/0.9% 
NaCl containing 50% glycerol. 

HDL were isolated from the plasma of a 
normolipemic fasting subject by ultracentrifugal 
flotation in salt solutions of KBr at d 

1.063- 1.210 g/ml. A Beckman type 50.2 Ti rotor 
operating at 48000 rpm for 26 h at 8°C was used 

for the isolation procedure. The HDL were re- 
floated a second time at d 1.210 g/ml. The HDL 

were dialyzed against 10 mM Tris-HCl (pH 
7.4)/0.9% NaCl/l mM EDTA/O.Ol% sodium 

azide. 
Apolipoprotein C-II was isolated from the 

VLDL of fasting subjects with familial endoge- 
nous hypertriglyceridemia with fasting chylo- 

micronemia (type V hyperlipoproteinemia) as de- 
scribed previously [ 181. The content of 

apolipoprotein C-II in HDL was determined by a 
double-antibody radioimmunoassay procedure as 
described by Kashyap et al. [ 191. 

Monolayer studies 

Interfacial measurements were performed at 
33°C in a thermostatically controlled box [20]. The 
monolayer experiments were carried out in a 15 ml 

teflon trough (5.4 X 5.9 X 0.5 cm). The subphase 
contained 15 ml of a standard buffer containing 
10 mM Tris-HCl (pH 8.4)/0.9% NaCl. Surface 

radioactivity was monitored with a gas-flow detec- 
tor (Nuclear Chicago, Model 8731); the gas was 

helium/l.3% butane. Surface pressure was de- 
termined with a recording Beckman LM 500 elec- 

trobalance equipped with a platinum plate 1.96 cm 
wide. Lipids were spread from chloroform solu- 
tions to the desired interfacial surface pressure. 
Additions were made to the subphase through a 
hole of 0.5 cm2 at an extended corner of the 
trough; the subphase was stirred with a magnetic 
bar. In a typical experiment, lipids were first spread 
to the desired surface pressure. At an initial surface 
pressure of 23 mN/m, bovine serum albumin had 
a negligible effect on the surface pressure or the 
stability of the tri[ I4 Cloleoyglycerol-phospholipid 
monolayer. After the recording of surface radioac- 
tivity and pressure had stabilized (5-10 min), 20 
~1 heparin (1 mg/ml in standard buffer), 100 ~1 
fatty acid-free bovine serum albumin (1 mg/ml in 
standard buffer) and either apolipoprotein C-II (1 
mg/ml in standard buffer containing 6 M guani- 
dine) or HDL (10 mg protein/ml), as indicated, 
were added to the subphase at 1 min intervals. 
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Lipoprotein lipase was then added to the subphase 

and the rate of release of [ “C]oleic acid from the 
interface was determined. Reaction rates were de- 
termined graphically by measuring the maximal 
slope of the kinetic curves. 

Analytical procedures 

Protein concentrations were determined by the 
method of Lowry et al. [21] using bovine serum 

albumin as standard. Phospholipid was de- 
termined by the method of Bartlett [22]. The com- 

position of [ 14C]lipid in the monolayer and sub- 
phase after the lipoprotein lipase-catalyzed hydrol- 

ysis of tri[ “C]oleoylglycerol was determined after 
collection of monolayer and subphase. To 

terminate the reaction, protamine sulphate (1 mg) 
was added to the subphase and the monolayer and 

subphase were collected in 100 ml of petroleum 
ether/diethyl ether/formic acid (60 : 40 : 1.5 v/v); 
the trough was washed with 10 ml of the same 
solvent mixture. The combined lipid extracts were 
evaporated to dryness and the lipids were sep- 
arated by thin-layer chromatography on silica gel 
60 (Merck) developed in a solvent system of petro- 
leum ether/diethyl ether/formic acid (60 : 40 : 1.5, 
v/v). The fractions corresponding to oleic acid 
and mono-, di- and trioleoylglycerol were scraped 

from the plate and radioactivity was determined. 

Molecular Area (AZ) of Dioleoyl Phosphatidylcholine 

Fig. 1. Force-area curves for trioleoylglycerol in di- 
oleoylphosphatidylcholine. The mol% of trioleoylglycerol in 

dioleoylphosphatidylcholine is indicated. The subphase con- 

tained 10 mM Tris-HCI (pH 8.4)/0.9% NaCl. The temperature 
was maintained at 33’C. 

Results 

Prior to utilizing the monolayer system to mea- 
sure the reaction kinetics of the lipoprotein lipase- 
catalyzed hydrolysis of tri[ “C]oleoylglycerol, it was 

first necessary to establish the appropriate mono- 
layer conditions. Preliminary experiments with 
14C-labeled egg phosphatidylcholine established 

0 15 30 45 60 
Time (min) 
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Fig. 2. A. Effect of bovine serum albumin (BSA) on the re- 

moval of [ “C]oleic acid from an egg phosphatidylcholine 

monolayer. The monolayer consisted of 8 nmol egg phosphati- 

dylcholine and 0.4 nmol [ “C]oleic acid at an initial surface 

pressure of 23 mN/m. After the monolayer had stabilized 

(t = 4 min), bovine serum albumin (100 pg) was added to the 

subphase and the decrease in radioactivity was determined. B. 

Desorption of 14C-labeled lipid from a monolayer during the 

lipoprotein lipase-catalyzed hydrolysis of tri[ “C]oleoylglycerol. 

The lipid monolayer consisted of egg phosphatidylcholine (8 

nmol) and tri[‘4C]oleoylglycerol (0.4 nmol) at an initial surface 

pressure of 23 mN/m. At the indicated time, heparin (20 pg) 

bovine serum albumin (100 pg), lipoprotein lipase (LpL) (2 ng), 

or apolipoprotein C-II (1.5 pg) was added to the subphase. C. 
The lipid monolayer was identical to that described in B. At the 

indicated time, heparin (20 pg), bovine serum albumin (100 

pg). apolipoprotein C-II (1.5 pg) or lipoprotein lipase (10 ng) 

was added to the subphase. For all experiments, the subphase 
contained 15 ml of 10 mM Tris-HC1/0.9% NaCI, pH 8.4; the 

temperature was 33’C. 
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Fig. 3. Composition of [ “C]lipid in monolayer and subphase after lipoprotein lipase-catalyzed hydrolysis of tri( “C]oleoylgIycerol. 

The monolayer consisted of egg phosphatidylchoiine (8 nmol) and t~~‘4C]oleoyf~ycerol (0.4 nmol) at an initial surface pressure of 23 

mN/m. After the monolayer stabilized, heparin (20 ag), bovine serum albumin (100 pg) and apoIipoprotein C-II (1.5 pg) were added 

to the subphase. After 5 mm, lipoprotein lipase (10 ng) was added to the subphase and the decrease in surface radioactivity was 

measured. After the enzyme reaction had proceeded to the indicated time (mm), the reaction was terminated by the injection of 1 mg 

protamine sulphate and the total monolayer and subphase were transferred to 100 ml of petroleum ether/diethyl ether/formic acid 

(60: 40: 1.5). The lipids were extracted and subjected to thin-layer chromatography as described in Materials and Methods. A. The 

mol% “C-labeled lipids as a function of time after lipoprotein lipase (LpL) injection. x, Trioleoylglycerol; 0, dioleoylglycerol; 0, 

monooleoylglycerol; A, oleic acid. B. The percent of the radioactivity present in oieic acid as a function of the percent decrease in 

surface radioactivity. 

that phospholipid was not hydrolyzed under the 

conditions of the assays. Compression curves for 
trioleoylglycerol in dioleoyl phosphatidylcholine 
were determined as a function of the mol fraction 
of trioleoylglycerol. The equilibrium spreading 

pressure of trioleoylglycerol is 14.8 mN/m. When 
mixed with dioleoyl phosphatidylcholine at the 
air/water interface, trioleoylglycerol causes a shift 
in the force area curve of dioleoyl phosphati- 

dylcholine, as indicated in Fig. 1. Concentrations 
of trioleoylglycerol of 5 molX and less are com- 

pletely miscible with dioleoyl phosphatidylcholine 
even at high surface pressures. With 10 mol% 
trioleoylglycerol, the two lipids are miscible even 
up to a surface pressure of 35 mN/m. As shown in 
Fig. 2A, desorption of [ I4 C]oleic acid from a phos- 
pholipid monolayer by fatty acid-free bovine serum 
albumin was rapid, consistent with the findings of 
Scow et al. [23]. With 5 mol% [‘4C]oleic acid (0.4 
nmol total) in a monolayer of egg phosphati- 
dylcholine, the fatty acid was completely removed 
in 6 min after the addition of fatty acid-free bovine 
serum albumin to the subphase; 100 pg was suffi- 
cient to remove all oleic acid from the interface 
(Fig. 2A). 

As is shown in Fig. 2B, 2 ng lipoprotein lipase 
(0.13 ng/ml) was inactive toward tri[ i4 C]oleoyl- 

glycerol in the absence of apolipoprotein C-II. 
However, after the addition of apolipoprotein C-II 
the rate of hydrolysis was 0.8 nmol oleate re- 

Lipoprotein Lipase fflg) 

Fig. 4. Dependence of lipoprotein Iipase on the rate of the 

lipoprotein lipase-catalyzed hydrolysis of tri( “C]oleoylglycerol. 

The monolayer contained egg phosphatidylchohne (8 nmol) 

and tri[ I4 C]oleoylglycerol (0.4 nmol) at an initial surface pres- 

sure of 23 mN/m. After the monolayer stabilized, heparin (20 

pg), bovine serum albumin (100 pg) and apolipoprotein C-II 

(1.5 pg), as indicated, were added to the subphase. After an 

additional 5 mm, the indicated amount of lipoprotein Iipase 

was added to the subphase. The rate of release of [ “CJoleic 

acid was determined by drawing a line through the linear 
portion of the curve. The rates were determined in the absence 

(0) and presence (0) of apohpoprotein C-II. See Fig. 2 for 

details. 
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leased/h. Fig. 2C shows the reaction kinetics with 
10 ng lipoprotein lipase (0.66 ng/ml). After an 
initial lag period, the reaction kinetics were linear 

for 10 min and then decreased when approxi- 
mately 40% of the radioactivity was removed from 
the interface. The loss of radioactivity from the 
interface was due to hydrolysis of tri[‘4C]oleoyl- 

glycerol and the production of [ 14C]oleic acid and 
[ I4 Clmono- and [ “C]diacylglycerol, as shown in 
Fig. 3A. During the first 15 min, trioleoylglycerol 

was nearly completely hydrolyzed. After 30 min, 
dioleoylglycerol was completely degraded to 

monooleoylglycerol. There was a linear relation- 
ship between the decrease in surface radioactivity 

and the accumulation of oleic acid (Fig. 3B). This 

was also the case when sphingomyelin- 
triacylglycerol monolayers were used. 

The dependence of the rate of hydrolysis of 

tri[ “C]oleoylglycerol on lipoprotein lipase con- 
centration is shown in Fig. 4. With 5 mol% 
tri[ I4 Cloleoylglycerol in the phosphatidylcholine 
monolayer and at an apolipoprotein C-II con- 
centration of 100 ng/ml, the hydrolysis of tri- 
acylglycerol was directly dependent on enzyme 
concentration up to 15 ng lipoprotein lipase (1 .O 
ng/ml). In the absence of apolipoprotein C-II, the 
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Fig. 5. Dependence of apolipoprotein C-II on the rate of lipo- 

protein lipase-catalyzed hydrolysis of tri[‘4C]oleoylglycerol. The 

monolayer consisted of egg phosphatidylcholine (8 nmol) and 

tri[ I4 C]oleoylglycerol(O.4 nmol) at an initial surface pressure of 

23 mN/m. After the monolayer stabilized, heparin (20 pg), 
bovine serum albumin (100 cg) and the indicated amount of 

apolipoprotein C-II were added to the subphase. After an 

additional 5 min, lipoprotein lipase (LpL) (0.08 pmol) was 

added to the subphase and the rate of release of [ I4 Cloleic acid 

was determined. See Fig. 1 for other details. 

dependence of the rate of hydrolysis of 

tri[ I4 C]oleoylglycerol on lipoprotein lipase con- 
centration was linear. However, the rate of hydrot 
ysis was reduced to approximately one-tenth of 

that in the presence of apolipoprotein C-II. Fig. 5 

shows the dependence of the rate of the lipopro- 

tein lipase-catalyzed hydrolysis of tri[ I4 Cloleoyl- 
glycerol on the amount of apolipoprotein C-II 

added to the subphase. At a triacylglycerol con- 
centration of 5 mol% and with 4 ng lipoprotein 
lipase (0.26 ng/ml), the maximal rate of hydrolysis 
of tri[ I4 Cloleoylglycerol occurred when the con- 
centration of apolipoprotein C-II was 3-4 ng/ml. 

This amount of apolipoprotein corresponds to a 
lipoprotein lipase:apolipoprotein C-II mol ratio of 

approximately 50. Alternatively, half-maximal en- 
zyme activity occurred at a mol ratio of 10. Table I 
shows that HDL, which contain apolipoprotein 

C-II, also increase the activity of lipoprotein lipase. 
However, in contrast to the data in Fig. 5, high 

concentrations of HDL protein inhibit the lipopro- 
tein lipase-catalyzed hydrolysis of triacylglycerol. 

The inhibition may be due to competition of the 
other HDL proteins for the lipid interface. 

The effect of monolayer content of 

tri[ “C]oleoylglycerol on the rate of the lipoprotein 

r 

1 2 3 4 5 6 

Mol % Trioleoyl Glycerol 

Fig. 6. Effect of monolayer content of tri[ “C]oleoylglycerol on 

the rate of the lipoprotein lipase-catalyzed hydrolysis of tri- 

[‘4C]oleoylglycerol. The monolayer (8 nmol total lipid) con- 
sisted of egg phosphatidylcholine and various mol% of 

tri[ “C]oleoylglycerol, as indicated, at an initial surface pres- 

sure of 23 mN/m. After the monolayer stabilized, heparin (20 

pg), bovine serum albumin (100 pg) and apolipoprotein C-II 

(1.5 pg), as indicated, were added to the subphase. After an 

additional 5 min, lipoprotein lipase (10 ng) was added to the 

subphase and the rate of release of [ “C]oleic acid was de- 

termined. The rates were determined in the absence (0) and 

presence (0) of apolipoprotein C-II. 
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TABLE I 

EFFECT OF HDL ON THE LIPOPROTEIN LIPASE-CATALYZED HYDROLYSIS OF TRI[“‘C]OLEOYLGLYCEROL 

The monolayer consisted of egg phosphatidylcholine (8 nmol) and tri[ “C]oleoylglycerol (0.4 nmol) at an initial pressure of 23 mN/m. 

After the monolayer stabilized, heparin (20 ng), bovine serum albumin (100 pg) and HDL (the numbers represent the pmol of 

apolipoprotein C-II in the respective HDL) were added to the subphase. After 10 min, lipoprotein lipase (20 ng) was added to the 

subphase and the rate of release of [ “C]oleic acid was determined. For all experiments, the subphase contained 15 ml of 10 mM 

Tris-HC1/0.9’% NaCl, pH 8.4; the temperature was 33°C. 

HDL apolipoprotein C-II Apolipoprotein C-II 

added to subphase lipoprotein lipase 

(pmol) (mol ratio) 

Initial velocity 

(nmol oleate released/h) 

_ _ 1.47 

5.7 14.3 2.12 

28.7 72.0 2.46 

57.4 143.0 2.91 

287.0 717.0 0.83 

574.0 1435.0 0.13 

lipase-catalyzed hydrolysis of lipid in the presence 
and absence of apolipoprotein C-II is shown in 
Fig. 6. In the absence of apolipoprotein C-II and 
at triacylglycerol concentrations of less than 4 
mol%, the rate of catalysis was barely detectable; 
at 5 and 6 mol% tri[14C]oleoylglycerol, the rate 
was 0.3 and 0.7 nmol oleate released/h, respec- 
tively. In the presence of apolipoprotein C-II, the 

& . 
0 10 20 30 40 50 

Mel % Sphingomyelin 

Fig. 7. Effect of sphingomyelin on the lipoprotein lipase-cata- 

lyzed hydrolysis of tri[ “C]oleoylglycerol. The monolayer (8 

nmol total phospholipid) consisted of egg phosphatidylcholine 
and bovine brain sphingomyelin, as indicated, and 0.4 nmol 

tri[ “C]oleoylglycerol. After the monolayer stabilized, heparin 

(20 pg), bovine serum albumin (100 pg), and apolipoprotein 
C-II (1.5 pg) were added to the subphase. After 5 min, lipopro- 

tein lipase (10 ng, 0 or 40 ng, 0) was added to the subphase 

and the rate of release of [ “C]oleic acid was determined. See 

Fig. 2 for other details. 

rate of hydrolysis of tri[ I4 Cloleoylglycerol was 
measurable at all substrate concentrations. How- 

ever, as is shown in Fig. 6, the rate was not linear 
with increasing substrate concentrations. At tri- 

acylglycerol concentrations between 3 and 4 mol%, 
there was a marked increase in lipoprotein lipase 

activity as compared to lower concentrations of 
substrate. Since the rates of catalysis were essen- 
tially zero at low concentrations of triacylglycerol 
in the absence of apolipoprotein C-II, the activa- 
tion factor of apolipoprotein C-II for lipoprotein 

lipase was greater at low substrate concentrations. 
Sphingomyelin is a major lipid constituent of 

the lipoprotein interface. Therefore, we next 
determined its effect on the lipoprotein lipase- 
catalyzed hydrolysis of tri[ “C]oleoylglycerol. As 
shown in Fig. 7, the addition of sphingomyelin to 
an egg phosphatidylcholine monolayer containing 

5 mol% tri[ “C]oleoylglycerol decreased the rate of 
the lipoprotein lipase-catalyzed hydrolysis of 
tri[ “C]oleoylglycerol. The extent of inhibition was 
dependent on enzyme concentration. With 10 ng 
lipoprotein lipase (0.66 ng/ml), 30 mol% 
sphingomyelin completely inhibited lipoprotein 

lipase activity. At a concentration of 2.66 ng lipo- 
protein lipase/ml, 40 pg lipoprotein lipase, the 
rate of the lipoprotein lipase-catalyzed hydrolysis 
of tri[ “C]oleoylglycerol was higher. With the 
higher concentration of lipoprotein lipase, 
sphingomyelin inhibited lipoprotein lipase activity 
to approximately 70% at 50 mol%. 
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Discussion 

A model system, similar to that of a lipoprotein 
interface, was employed to elucidate the mecha- 
nism of action of lipoprotein lipase. The interface 

consisted of a monolayer containing small amounts 
of triacylglycerol. The ability of trioleoylglycerol 

to increase the apparent area per molecule of 
dioleoylphosphatidylcholine shows that trioleoyl- 
glycerol is occupying space in the monolayer. This 

is consistent with the miscibility of trioleoyl- 
glycerol and dioleoylphosphatidylcholine in the 
surface phase. The rate of the lipoprotein lipase- 
catalyzed hydrolysis of tri[ I4 Cloleoylglycerol was 

dependent on enzyme concentration and was en- 
hanced by apolipoprotein C-II, the activator pro- 
tein for lipoprotein lipase. The conclusions of the 
study are consistent with a surface orientation of 
triacylglycerol in the lipid monolayer such that the 

carbonyls of the glyceryl region of the substrate 
are available for the lipoprotein lipase-catalyzed 
hydrolysis. 

The monolayer in the present study is signifi- 
cantly different from that used by others to study 
the mechanism of action of lipoprotein lipase. 
Chung and Scanu [24] determined the kinetics of 
triacylglycerol hydrolysis by rat heart lipoprotein 
lipase with trioctanoate as substrate. A di- 
acylglycerol, 1,2-didecanoylglycerol, was used in a 
study by Jackson et al. [25]. In contrast to these 
studies with short-chained lipid substrates, Scow et 
al. [23] spread a long-chained lipid, trioleoyl- 

glycerol, at an air/water interface. However, the 
study by Scow et al. [23] is significantly different 
from the present study in that triacylglycerol was 
spread in the absence of phospholipid. Further- 

more, the trioleoylglycerol concentration was 14 
times the amount required to cover the surface at 
13 mN/m and, as a result, lenses formed at the 
interface. The composition of the pure trioleoyl- 
glycerol monolayer described by Scow et al. [23] 
resembles that of the core of a lipoprotein particle, 
whereas that of the present study with limited 
amounts of trioleoylglycerol in a phospholipid 
monolayer resembles the lipoprotein surface. 

With the monolayer conditions used in this 
study, phosphatidylcholine was not hydrolyzed, 
consistent with our previous findings [26]. In the 
absence of a fatty acid acceptor, limited tri- 

acylglycerol hydrolysis occurred and is probably 
explained by fatty acid inhibition of the enzyme as 
described by Scow et al. [23]. The desorption of 

oleic acid from the interface in the presence of 
fatty acid-free bovine serum albumins was ex- 

tremely rapid (Fig. 2A). Consequently, we can 

assume that desorption of fatty acid from the 
interface is not a rate-limiting step in catalysis. 
Since the decrease in surface radioactivity is equiv- 
alent to the loss of [‘4C]oleic acid from the inter- 
face, we can also assume that the desorption of 
oleic acid was much greater than that of either 
mono-, di- or trioleoylglycerol. In this regard, our 
findings are consistent with those of Scow et al. 

[23], who showed that the rate of desorption of 
oleic acid was approximately 10 times greater than 

that for monoleoylglycerol at pH 7.4 and in the 
presence of 1 PM bovine serum albumin in the 
subphase. 

The finding that the rate of trioleoylglycerol 
hydrolysis by lipoprotein lipase did not increase 

linearly with substrate concentration (Fig. 6) is 
interesting and may have physiologic importance. 
One possible explanation for the enhanced rate of 
hydrolysis at high (over 3 mol%) concentrations of 
substrate may be caused by phase separation of 

the trioleoylglycerol or steric effects of the phos- 
pholipid polar head group. At the concentrations 
of triacylglycerol employed, the force-area curves 
were completely reversible, suggesting that the two 
lipids were completely miscible in one another. 

This finding suggests that if phase separation oc- 
curs then it must correspond to triacylglycerol-tri- 
acyiglycerol interaction within the plane of the 
monolayer. The role of apolipoprotein C-II in the 
lipoprotein lipase-catalyzed hydrolysis of 

tri[ “C]oleoylglycerol was clearly dependent on the 
monolayer concentration of triacylglycerol. At 
substrate concentrations of under 3 mol% and at 
the enzyme concentration employed, lipoprotein 
lipase was essentially inactive toward tri[ 14C]- 
oleoylglycerol in the absence of the activator pro- 
tein; catalysis was enhanced by higher concentra- 
tions of enzyme. At substrate concentrations over 
3 mol%, the dependency of lipoprotein lipase ac- 
tivity on apolipoprotein C-II decreased. For exam- 
ple, the rate of hydrolysis of substrate in a mono- 
layer containing 6 mol% trioleoylglycerol and in 
the absence of apolipoprotein C-II was equal to 
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that rate in a monolayer containing 3 mol% in the 

presence of the apolipoprotein. These findings are 
of interest as they relate to the lipoprotein lipase- 

catalyzed hydrolysis of triacylglycerol-rich lipopro- 
teins. It is known that large triacylglycerol-rich 

lipoproteins are hydrolyzed at a greater rate than 
smaller ones [2]. In large particles, it can be as- 

sumed that the mol% of triacylglycerol at the 
lipoprotein interface is greater than in smaller 
particles. This assumption is based on a simple 

competition of the core constituents, cholesteryl 
ester and triacylglycerol, for the surface mono- 
layer. Smaller particles contain a higher percentage 

of cholesteryl esters than triacylglycerol and, con- 
sequently, the interface of the smaller particles 
contains a higher percentage of cholesteryl ester 
and less triacylglycerol. Based on the present re- 
sults, apolipoprotein C-II plays a greater role in 
the catalysis of the smaller particles, especially 
when lipoprotein lipase is limiting. These interpre- 
tations are consistent with an analysis of the en- 

zyme kinetics for the lipoprotein lipase-catalyzed 
hydrolysis of guinea pig VLDL [27] and human 
apolipoprotein C-II-deficient VLDL [28], lipopro- 

tein particles lacking the activator protein. 
Sphingomyelin accounts for approximately 

20-258 of total lipoprotein phospholipid [ 131 and 
is presumably located within the outer monolayer. 
The addition of sphingomyelin to the model 
monolayer system inhibited the lipoprotein lipase- 
catalyzed hydrolysis of tri[‘4C]oleoylglycerol; the 
extent of inhibition was dependent on the amount 
of lipoprotein lipase in the subphase. Although the 
reason for the inhibition is not immediately evi- 
dent, there are several possible interpretations. 
Barenholz and Thompson [29] have recently re- 
viewed the current information on the interaction 
of sphingomyelin with various lipid systems. Egg 

phosphatidylcholine and sphingomyelin are com- 
pletely miscible with each other at 37’C in a 
sonicated lipid system [30]. However, proton 
nuclear magnetic resonance studies indicate that 
the N-methyl protons of egg phosphatidylcholine 
are broadened by the addition of an equal mol 
equivalent of bovine brain sphingomyelin, suggest- 
ing that the two lipids interact with one another 
[31]. Whether specific interactions between lipo- 
protein lipase and the N-methyl groups account 
for the inhibition of lipoprotein lipase activity by 

sphingomyelin is not known and requires addi- 
tional studies. It is known, however, that the two 

phospholipids behave differently with respect to 

their ability to cause interfacial activation of lipo- 
protein lipase for hydrolysis of p-nitrophenyl- 
butyrate [32]. Another possible explanation for the 
sphingomyelin-induced inhibition of lipoprotein 

lipase activity is that there is decreased adsorption 
of the enzyme to the interface. However, this 
explanation seems unlikely, since higher con- 

centrations of lipoprotein lipase prevented the in- 
hibition by sphingomyelin. 

In summary, a monolayer of phosphatidylcho- 
line containing limited amounts of triacylglycerol 
represents a model system which is similar to that 
of an interface of a lipoprotein particle. Having 
established the system, experiments are currently 
in progress to determine the requirements of the 
lipid monolayer which affect lipoprotein lipase 
activity. 
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