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ABSTRACT: Interfacial catalysis of hepatic triacylglycerol lipase (H-TGL) and lipoprotein lipase (LpL) isolated 
from human post-heparin plasma was investigated with mixed monolayers of trioleoylglycerol (TO) and 
egg phosphatidylcholine. Rates of enzyme catalysis were dependent on surface pressure, substrate con- 
centration, apoC-I1 (the activator protein for LpL), and cholesteryl oleate (CO). LpL showed a surface 
pressure optimum between 22 and 24 m N  m-', whereas H-TGL activity decreased at  pressures >20 m N  
m-'. LpL activity was enhanced >lO-fold by apoC-11; 1 M NaCl inhibited enzyme activity. ApoC-11, 
apoC-111, apoA-I, apoA-11, and 1 M NaCl had no effect on H-TGL activity. The substrate (TO) dependency 
was different for the two lipases. For LpL, there was a marked enhancement of enzyme activity between 
2 and 4 mol % TO, whereas for H-TGL, enzyme activity increased linearly between 1 and 10 mol 5% TO.  
LpL activity toward monolayers containing 2 mol ?6 TO was enhanced 2.6-fold by the addition of 5 mol 
% CO; cholesteryl ester had no effect on H-TGL activity. These findings suggest that  the two lipolytic 
enzymes have different interfacial properties, which may have relevance to the rates of hydrolysis of 
triacylglycerols a t  a lipoprotein interface. 

L ipopro te in  lipase (LpL)' and hepatic triacylglycerol lipase 
(H-TGL) are lipolytic enzymes that play important roles in 
the clearance of triacylglycerols from the circulation. [For 
review, see Jackson (1983), Kinnunen et al. (1983), Kinnunen 
(1983), and Smith & Pownall(1983)l. In the absence of these 
enzymes, as occurs in the rare disorders of LpL deficiency 
(Nikkila, 1983) or H-TGL deficiency (Breckenridge et ai., 
1982), triacylglycerols are elevated to levels > 1000 mg/dL 
of plasma. Although both LpL and H-TGL hydrolyze tri- 
acylglycerols, they differ in their properties and specificities 
for lipoprotein substrates. The criteria for distinguishing 
between these enzymes are that LpL requires apolipoprotein 
C-11, a protein constituent of triacylglycerol-rich lipoproteins, 
for maximal activity and is inhibited by 1 M NaCl, whereas 
H-TGL is active in 1 M NaCl and does not require any protein 
activator for maximal activity. The preferred lipoprotein 
substrates for LpL are chylomicrons and very low density 
lipoproteins (VLDL). H-TGL has only limited activity toward 
these triacylglycerol-rich lipoproteins but prefers remnant 
triacylglycerol-rich lipoproteins produced from the action of 
LpL on chylomicrons and VLDL, and high-density lipoproteins 
(HDL), particularly the subfraction corresponding to HDL, 
(Jackson, 1983; Kinnunen et al., 1983). 

Although LpL and H-TGL differ with respect to their 
properties and specificity toward lipoprotein substrates, it is 
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assumed that both enzymes catalyze the hydrolysis of tri- 
acylglycerols contained within the outer monolayer of the 
lipoprotein particle. The lipoprotein monolayer contains 
mainly phosphatidylcholine, sphingomyelin, unesterified cho- 
lesterol, protein, and small amounts of the neutral lipids, 
triacylglycerols and cholesteryl esters. Because of our interest 
in understanding interfacial enzyme catalysis (Quinn et al., 
1983), we have developed a monolayer system that allows for 
the study of lipolytic enzymes with long-chain, physiological 
lipids (Demel et al., 1982, 1984; Demel & Jackson, 1985). 
Since LpL and H-TGL show markedly different properties 
with respect to their specificity for lipoprotein substrates, it 
was of interest to determine whether the differences in enzyme 
activity could be explained by the properties of the monolayer 
itself. The results show that the rates of the LpL- and H-  
TGL-catalyzed hydrolysis of trioleoylglycerol in a monolayer 
differ markedly with respect to surface pressure, substrate 
concentration, and the amount of neutral lipids. 

MATERIALS AND METHODS 
Materials. Tri[ l-'4C]oleylglycerol (47.5 mCi/mmol) was 

obtained from Amersham. Fatty acid free bovine serum al- 
bumin (BSA; fraction V), aprotinin, leupeptin, Sepharose 
CL-4B, phenyl-Sepharose, hydroxyapatite, DEAE-Sephacel, 
and heparin (169 units/mg) were purchased from Sigma. 
Heparin-Sepharose CL-4B was prepared as described pre- 
viously (Matsuoka et ai., 1980). Egg yolk phosphatidylcholine 

' Abbreviations: LpL, lipoprotein lipase; H-TGL, hepatic triacyl- 
glycerol lipase; TO, trioleoylglycerol; CO, cholesteryl oleate; apoC-11, 
apoC-111, apoA-I, and apoA-11, apoiipoproteins of human plasma lipo- 
proteins; PC, phosphatidylcholine; EDTA. ethylenediaminetetraacetic 
acid; Tris, tris(hydroxymethy1)aminomethane. 
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was isolated and purified by high-performance liquid chro- 
matography as described previously (Geurts van Kessel et al., 
1981). ApoC-I1 and apoC-111, (2 mol of sialic acid) were 
isolated from plasma triacylglycerol-rich lipoproteins (d  < 1.02 
g/mL) of subjects with fasting chylomicronemia (type V 
hyperlipoproteinemia) (Cardin et al., 1984). ApoA-I and 
apoA-I1 were isolated from HDL of normal subjects (Cardin 
et al., 1984). The isolated apoproteins were homogeneous by 
polyacrylamide gel electrophoresis in sodium dodecyl sulfate 
(apoA-I and apoA-11) and by isoelectrofocusing (apoC-I1 and 
apoC-111,) and had amino acid compositions consistent with 
their known sequences. 

Isolation of Human Post-Heparin Plasma LpL and H-TGL. 
LpL and H-TGL were isolated from post-heparin plasma by 
chromatography on heparin-Sepharose. In a typical isolation, 
post-heparin plasma (2800 mL) was mixed with an equal 
volume of 10 mM potassium phosphate, pH 6.8,0.45 M NaCl, 
1 mM EDTA, and 400 mL heparin-Sepharose CL-4B. After 
being stirred for 2 h at 4 OC, the heparin-Sepharose was 
collected on a sintered glass funnel and the gel washed in 
500-mL batches as follows: 4 L of 5 mM potassium phosphate, 
pH 6.8, 0.3 M NaCI, and 1 mM EDTA; 8 L of 5 mM po- 
tassium phosphate, pH 6.8, and l mM EDTA; l L of 5 mM 
potassium phosphate, pH 6.8, containing 0.2% Triton N-101; 
8 L of 5 mM potassium phosphate, pH 6.8, and 1 mM EDTA; 
2 L of 5 mM potassium phosphate, pH 6.8, 0.3 M NaCl, and 
1 mM EDTA. The gel was poured into a column (5.0 X 45 
cm), and protein was eluted (250 mL/h) with 5 mM potassium 
phosphate, pH 6.8, containing 2.4 M NaCl and 10% glycerol; 
aprotinin and leupeptin were added to final concentrations of 
50 kallikrein inhibitor units/mL and 10 pg/mL, respectively. 
The protein solution was diluted with 5 mM potassium 
phosphate, pH 6.8, 1 mM EDTA, and 10% glycerol, to give 
a final NaCl concentration of 0.4 M. The sample was then 
applied to a second column (3.0 X 30 cm) of heparin-Se- 
pharose. Protein was then eluted with a NaCl gradient 
(0.4-2.5 M). H-TGL was further purified by chromatography 
on phenyl-Sepharose and DEAE-SephaceL2 The purified 
enzyme had a specific activity of 192 pmol of oleic acid re- 
leased h-' (mg of protein)-I, corresponding to a purification 
of >25 000-fold; activity was not affected by the addition of 
1 M NaC1. LpL was further purified by chromatography on 
hydroxyapatite.* The purified enzyme had a specific activity 
of 74 pmol of oleic acid released h-' (mg of protein)-', cor- 
responding to a purification of 20 000-fold. LpL activity was 
enhanced -10-fold by apoC-I1 and was inhibited by 1 M 
NaC1. 

Other Methods. Lipase activities were determined with a 
Triton X- 100 emulsified tri [ 1 -14C]oleoyglycerol substrate as 
described previously (Matsuoka et al., 1980); the LpL assays 
contained 4 pg/mL apoC-I1 and 0.15 M NaCl whereas the 
H-TGL assays contained 1 M NaCl and no apoC-11. Protein 
was determined by the method of Lowry et al. (1951) with 
BSA as standard protein. 

Monolayer experiments were performed in a 15-mL Teflon 
trough (5.4 X 5.9 X 0.5 cm) as described previously (Demel 
et al., 1982, 1984). The subphase contained 15 mL of 10 mM 
Tris-HC1, pH 8.4, and 0.15 M NaCl and was stirred with a 
magnetic bar. Surface pressure was determined with a re- 
cording Beckman LM 500 electrobalance equipped with a 
platinum plate 1.96 cm wide. Surface radioactivity was 
measured with a gas-flow detector (Nuclear Chicago) posi- 
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FIGURE 1: LpL- and H-TGL-catalyzed hydrolysis of 4 mol % T O  
in egg PC. The monolayers contained 8.4 nmol of egg PC and 4 mol 
% tri[l-'4C]oIeoylglyceroI (1OOOO cpm) at  a surface pressure of 22 
m N  m-I. The subphase contained 15 mL of 10 m M  Tris-HC1, pH 
8.4, and 0.15 M NaCI. Temperature was maintained at  33.0 & 0.1 
OC. After the monolayer stabilized, 0.02 mL of heparin (2.5 mg/mL), 
0.05 mL of fatty acid free BSA ( 5  mg/mL), 0.01 mL of apoC-I1 (0.1 
mg/mL in 6 M guanidine hydrochloride), and LpL (16.75 pg, left 
panel) or H-TGL (10.5 pg, right panel) were added. Surface pressure 
and radioactivity were determined as described under Materials and 
Methods. 

tioned 0.3 cm above the interface; the gas was helium/ 1.3% 
butane. Measurements were performed at 33.0 f 0.1 OC in 
a thermostatically controlled box. Lipids were spread from 
chloroform solutions to the desired surface pressure. After 
the films stabilized (2-3 min), solutions were injected under 
the film through a 0.8-cm hole at  an extended cover of the 
Teflon trough. Enzyme activities are expressed as the nano- 
moles of ['4C]oleic acid released per hour per milligram of 
injected enzyme. Results represent the average of duplicate 
values and are *lo%. 

RESULTS 

Monolayer Lipid Studies. Representative tracings of the 
LpL and H-TGL-catalyzed hydrolysis of 4 mol % tri[l- 
14C]oleoylglycerol in a monolayer of egg PC are illustrated 
in Figure 1. As enzyme catalysis proceeds, ['4C]oleic acid 
is removed from the interface by the action of BSA. The rates 
of enzyme catalysis are determined by measuring the initial 
rate of decrease of radioactivity. As shown previously (Demel 
et al., 1982), the BSA-mediated removal of oleic acid from 
the interface is not a rate-limiting factor in enzyme catalysis. 
Although LpL and H-TGL are specific for the glycerol ester 
bonds in position 1 (3), the kinetics of hydrolysis were different 
for the two enzymes. For LpL, in the presence of apoC-I1 
(Figure 1, experiment I) ,  the initial rate of catalysis was 158.4 
nmol h-' mg-'; after 30% of the trioleoylglycerol was hydro- 
lyzed, the rate was 67.4 nmol h-' mg-'. Maximum hydrolysis 
corresponded to the release of two oleic acid groups (62% 
decrease in radioactivity); monooleoylglycerol remains in the 
monolayer and is not further hydrolyzed (Demel et al., 1982). 
In the absence of apoC-11, LpL had an activity of 11.8 nmol 
h-' mg-' (Figure 1, experiment 2); addition of the activator 
protein after a 20 min incubation gave a rate of LpL hydrolysis 
nearly the same as that in experiment 1, indicating that, in 
the absence of apoC-11, the enzyme is not inactivated at  the 
interface. In the presence of apoC-I1 and 1 M NaCl (Figure 
1, experiment 3), the rate of enzyme hydrolysis was 17.6 nmol 
h-I mg-I, a value nearly identical with that for the enzyme in 
the absence of the activator protein. 

In contrast to LpL, the rate of H-TGL catalysis (99.9 nmol 
h-l mg-I) was linear to >50% hydrolysis (Figure 1); after 60 
min the final extent of hydrolysis was 65%. The rate of H- 
TGL hydrolysis was the same in the presence or absence of 
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FIGURE 2: Effect of surface pressure on the LpL- and H-TGL-cat- 
alyzed hydrolysis of 3 mol % TO in egg PC. Relative activities of 
LpL and H-TGL were determined at the indicated surface pressures 
with the conditions described in Figure I .  
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FIGURE 3: Dependence of LpL and H-TGL activity on TO concen- 
tration. The monolayers contained egg PC and the indicated con- 
centration of TO at a surface pressure of 20 mN m-'. LpL activity 
was determined in the presence of 1 gg of apoC-II(0) or in the absence 
of apoC-I1 (A) .  H-TGL activity was determined in the absence of 
apoC-I1 (0).  Other experimental conditions are the same as those 
described in Figure 1. 

1 M NaC1. Enzyme activity was not stimulated or inhibited 
by the addition of up to 1 pg of apoC-11, apoC-111, apoA-I, 
or apoA-I1 (data not shown). Addition of > 1 pg apoprotein 
caused a decrease in H-TGL activity that was not specific for 
any one apoprotein as previously shown for LpL (Jackson et 
al., 1980). As shown below, H-TGL activity decreases a t  
surface pressures >20 m N  m-l; with the addition of an excess 
of any apoprotein, there is an increase in surface pressure that 
is concomitant with a decrease in enzyme activity. 

The effect of lipid packing on LpL and H-TGL activity is 
shown in Figure 2. In these experiments, the monolayer 
contained 3 mol % TO in egg PC a t  the indicated surface 
pressure. With these conditions, TO is completely miscible 
with PC in the monolayer (Demel et al., 1982). For H-TGL, 
enzyme activity decreased from 65.0 nmol h-I mg-' at 20 m N  
m-' to <20% of this value at surface pressures >25 m N  m-l; 
the decrease in enzyme activity was independent of the amount 
of H-TGL added to the subphase. For LpL, there was an  
apparent surface pressure optimum between 20 and 24 m N  
m-I, and then enzyme activity decreased a t  higher surface 
pressures. For both H-TGL and LpL, activities were unde- 
tectable a t  pressures >30 m N  m-] even with 10-fold higher 
enzyme concentrations. 

The dependency of enzyme activity on interfacial TO con- 
centration is shown in Figure 3; both enzyme activities were 
determined a t  20 mN m-l. For H-TGL, enzyme activity 
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FIGURE 4: Effect of cholesteryl oleate (co) on the LpL- and H- 
TGL-catalyzed hydrolysis of TO. The monolayers contained 2 mol 
% TO with or without 5 mol % CO (as indicated) in egg PC at a 
surface pressure of 20 mN m-l. The experimental conditions are the 
same as those described in Figure 1. 

increased linearly from 1 to 10 mol % TO. In contrast, LpL 
activities were nonlinear with increasing TO concentrations. 
At a substrate concentration of 2 mol % TO, LpL activity was 
markedly enhanced; above 5-6 mol % TO, LpL activity in- 
creased less rapidly with increasing TO concentrations. 

Effect of Cholesteryl Oleate on the Enzyme-Catalyzed 
Hydrolysis of Trioleoylglycerol. In a recent report (Demel 
& Jackson, 1985), we showed with bovine milk LpL that 5 
mol % CO in a monolayer containing 2.5 mol % TO in egg 
PC enhanced the LpL-catalyzed hydrolysis of TO; a t  TO 
concentrations >5 mol %, CO inhibited catalysis presumably 
by competing with the triacylglycerol for the interface. The 
results shown in Figure 4 indicate that the activity of post- 
heparin plasma LpL is also enhanced by 5 mol % C O  in a 
monolyer of 2 mol % TO. In the presence of apoC-I1 and a t  
a surface pressure of 20 m N  m-I, LpL activity was 26 nmol 
h-' mg-I in a monolayer containing 2 mol % TO. With the 
same assay conditions in a monolayer containing 2 mol % TO 
and 5 mol % CO, enzyme activity was enhanced 2.6-fold (65 
nmol h-' mg-I). In the absence of apoC-11, enzyme activities 
were low. However, CO enhanced LpL activity approximately 
2-fold (from 1.7 to 3.0 nmol h-I mg-I). In contrast, the ad- 
dition of 5 mol % CO to a monolayer of 2 mol % TO in egg 
PC did not significantly alter H-TGL activity (Figure 4); the 
rates were 65 and 56 nmol h-' mg-', in the presence and 
absence of CO, respectively. 

DISCUSSION 
The monolayer system described in this study has allowed 

for a detailed comparison of the triacylglycerol-hydrolyzing 
activities of LpL and H-TGL at a lipid interface. The primary 
advantage of this system is that controlled changes in the lipid 
composition and properties of the monolayer are possible, and 
as a result, the conditions that might arise during the cata- 
bolism of large, triacylglycerol-rich lipoproteins may be sim- 
ulated. In the monolayer system, the rates of trioleoylglycerol 
hydrolysis by LpL and H-TGL were shown to depend on 
surface pressure and on apoC-11, TO, and cholesteryl oleate 
concentrations. The effect of each of these factors on TO 
hydrolysis differed for the two enzymes, suggesting that LpL 
and H-TGL have different interfacial properties. 

The rate of hydrolysis of TO in a PC monolayer catalyzed 
by human post-heparin plasma LpL is enhanced > IO-fold by 
apoC-I1 (1 pg / l5  mL). In contrast, H-TGL activity is 
unaffected by the same concentration of apoC-11, apoC-111, 
apoA-I, or apoA-11; in the monolayer system, apoA-I1 did not 
activate H-TGL as reported by Jahn et al. (1981, 1983) with 
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H-TGL rather than LpL catalysis. However, at a surface 
pressure of -25 m N  m-I, H-TGL activity is negligible com- 
pared to LpL activity. In addition, even at TO concentrations 
as low as 2 mol %, LpL activity is increased 2.6-fold in the 
presence of 5 mol % CO; CO has no effect on H-TGL activity. 
Cholesteryl esters may be important in vivo since, during the 
catabolism of chylomicrons, the concentration of cholesteryl 
esters in the lipoproteins increases due to triacylglycerol hy- 
drolysis and transfer of cholesteryl esters from HDL. 

In summary, we have shown that two factors are significant 
in determining the catalytic preference of LpL and H-TGL 
for TO in a phospholipid monolayer: (1) surface pressure, 
which favors LpL catalysis in the range 22-28 mN m-l, and 
(2) neutral lipid concentrations, which regulate the catalytic 
rate of LpL within a narrow concentration range. We spec- 
ulate that these differences in interfacial properties may ac- 
count for the lipoprotein specificities of these important li- 
polytic enzymes. 
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ABSTRACT: The  concentrations of several m R N A s  in mouse kidney increase in response to testosterone. 
T o  determine if the increases are generated a t  the level of gene transcription, we have assayed transcription 
rates for several androgen-inducible mRNAs  in kidney nuclei in vitro. No significant changes were found 
in the synthesis of three mRNAs  whose concentrations increase 10-20-fold during testosterone treatment. 
Kinetic analysis of changes in transcript levels after testosterone administration and withdrawal suggests 
that  m R N A  stabilization is a major factor in the inductions. Thus, the androgen-mediated induction of 
these kidney mRNAs  is generated predominantly a t  the posttranscriptional level. 

S e v e r a l  studies indicate that steroid hormone induction of 
specific mRNA concentrations occurs at the level of gene 
transcription (Ringold et al., 1977; McKnight & Palmiter, 
1979; Brock & Shapiro, 1983a). In a number of cases, the 
inductions have been shown to be mediated by specific DNA 
elements that are located in the immediate vicinity of the 
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modulated genes and that have strong affinities for hor- 
mone-receptor complexes (Chandler et al., 1983; Karin et al., 
1984; Renkawitz et al., 1984; Moore et al., 1985). However, 
marked alterations of mRNA stability in response to steroids 
have also been observed (Wiskocil et al., 1980; Brock & 
Shapiro, 1983b; Vannice et al., 1984), indicating that steroids 
function at  multiple levels. 

Androgenic steroids have profound effects on the mouse 
kidney (Bardin & Catterall, 1981); these effects, which are 
primarily exerted on proximal tubule cells, include inductions 
of a number of specific gene products. Treatment of female 
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