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ABSTRACT When concentrated dispersions of tripalmitin 
in Triton X-100 are added to reaction mixtures containing 
soluble beef liver lipase, the rate of hydrolysis of tripalmitin 
increases with incubation time. When the diluted substrate 
is aged at 37OC for 3 hr before the addition of enzyme, the rate 
of hydrolysis is greater than the rate with freshly diluted disper- 
sions and is constant for at least 2 hr. The reciprocal of the rate 
of hydrolysis is a complex function of the reciprocal of the 
substrate concentration when measured with freshly diluted 
substrate dispersions. A linear relationship between these 
reciprocals is obtained when measured with aged preparations 
of substrate. The rate and extent of increase of the velocity of 
hydrolysis of the aged substrate in relation to the velocity 
of hydrolysis of freshly diluted substrate are directly propor- 
tional to the substrate concentration and inversely propor- 
tional to the Triton X-100 concentration. The apparent VnL,, 
of beef liver lipase for tripalmitin in diluted and aged disper- 
sions is independent of the Triton X-100 concentration, while 
the apparent K, is inversely proportional to the Triton X-100 
concentration. The apparent Km for tripalmitin complexes 
at zero Triton X-100 concentration was judged to be 7.5 X 
10-5 M. The molecular size of dispersion complexes does not 
change significantly as dispersions are aged. The spherical 
diameter of the complexes assessed by gel filtration techniques 
is in the order of 100 A. 

SUPPLEMENTARY KEY WORDS kinetics glycerol 
tripalmitate-l-14C 

T , E  LIPASES of ra t  liver have been extensively in- 
vestigated. It has been shown that rat  liver contains acid 
(1) and  alkaline (2) triglyceride lipase activity and  a 
membrane-bound lipase with a n  acid p H  optimum 
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(3). A lysosomal acid lipase has been partially purified 
(4), and a microsomal lipase has been shown to have a n  
alkaline pH optimum (5). Thus, the ra t  liver lipase activ- 
ity is the result of a group of enzymes with varied proper- 
ties and  localization. We  have begun a n  investigation of 
the beef liver lipase activity since beef liver is a readily 
available source of large quantities of lipase activity from 
which appreciable amounts of the individual lipases can 
be obtained. Early in these investigations, it was found 
that the beef liver lipase activity is markedly sensitive to 
alterations in the properties of micellar dispersions of 
substrate. 

T h e  intracellular triglyceride in normal liver cells 
exists in part as micellar complexes which are stabilized 
by biochemical detergents. Triglycerides in this form 
are substrates for liver lipase. T h e  dispersion state of 
liver triglycerides is altered to a liquid droplet form in 
diseased states such as fatty liver (6). T h e  preparation of 
triglyceride substrates in a form which interacts with 
lipases has been achieved by the dispersion of tri- 
glyceride in dilute solutions of detergents such as sodium 
oleate (7) ,  gum acacia (8), bile salts (9), or Triton 
X-100 (1). Each procedure results in dispersions of 
different aggregation state, stability, and  phase struc- 
ture. 

Because the substrate is in the form of multimolecular 
aggregates, the measurement of the initial rate kinetics 
of the reaction and  the assessment of the role of effectors 
such as divalent metal ions and  fatty acids have been 
difficult to establish (7). Studies of the saturation 
kinetics of pancreatic lipase (1 0) revealed complex 
saturation functions which could not be interpreted 
without the introduction of assumptions related to the 
aggregation state of the substrate. Any analysis of the 
saturation kinetics of substrates in micellar form is 
complicated by the possible interference of such factors 
as concentration-dependent alterations in micellar size, 
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shape, and hydration. Investigations of the effect of 
amphipath concentration on the size of micelles have 
been performed with mixed dispersions of bile salts and 
neutral lipids (1 1, 12). Wallach (1 3) demonstrated 
that the charge of the detergent in a mixed micelle 
ran affect the apparent pH optimum of lipase. Micelles 
of nonionic detergents may change in shape and in 
extent of hydration at high temperature and detergent 
concentration (14-16). 

This report presents the results of our preliminary 
approach to the analysis of the saturation kinetics of 
beef liver lipase. Some of the properties of micellar 
dispersions of tripalmitin in Triton X-100, which deter- 
mine the efficiency of lipase-catalyzed hydrolysis of 
triglycerides, have been assessed. Effects of Triton X-100 
on the saturation kinetics of the enzyme have been 
analyzed, and the apparent K, at zero Triton X-100 
concentration has been determined by extrapolation 
procedures. In  addition, the size of the micelles has been 
estimated by gel filtration techniques. 

MATERIALS AND METHODS 
Materiab 
Fresh beef liver was purchased from a local abattoir. 
Glycerol tripalmitate (tripalmitin) and Triton X-100 
were obtained from Sigma Chemical Co., St. Louis, 
Mo. Glycerol tripalmita te-1 J4C was obtained from 
New England Nuclear Corp., Boston, Mass. The purity 
of the carrier and radioactive triglyceride was con- 
firmed to be greater than 98%; further purification 
of these materials was performed as previously de- 
scribed (17). Sephadex G-200 was obtained from 
Pharmacia Fine Chemicals, Inc., Piscataway, N. J., 
and Bio-Gel A-1.5 m from Bio-Rad Laboratories, 
Richmond, Calif. 

Methods 
Preparation of Soluble Beef Liver Ll;base. The following 
procedures, chosen to yield maximal soluble lipase 
activity, were all performed at  4°C. Batches of sliced 
liver (150 g) were homogenized with 334 ml of 1.4 X 

M EDTA and 0.352 M sucrose in 1.4 X M 

Tris-HC1, pH 7.4, in a Waring Blendor for 2 min at  
maximum speed. Homogenates were adjusted to pH 
7.4 by the dropwise addition of 1 N NaOH and they 
were then centrifuged for 30 min at 2000 p to remove 
nuclei and cell debris. Batches of the supernatant (600 
ml) from this centrifugation were sonicated with a 
Biosonik I1 Sonifier (BP-11-5T probe) at a probe in- 
tensity of 70 in a 2-1 beaker for 2 min in order to release 
soluble lipase activity from compartments in  mito- 
chondria and lysosomes. The sonicated supernatant 
was centrifuged for 30 min at  10,000 g to remove un- 

disrupted mitochondria. The supernatant from this 
centrifugation was recentrifuged at  37,000 g for 2 hr 
to remove microsomes and submitochondrial particles. 
The supernatant from this centrifugation was removed 
with a 50-ml syringe and care was taken to transfer only 
the clear infranatant solution. The lipase activity in 
this solution was used in all the experiments reported 
here. I t  was stable at  -60°C for at least 3 months, and 
remained in the supernatant after centrifugation at  
100,000 g for 2 hr. 

For each 
ml of final volume, 10 pmoles of glycerol tripalmitate- 
IJ4C (specific activity indicated in figure legends) in 
chloroform was evaporated to dryness under a stream 
of filtered air at  60°C in a conical centrifuge tube. The 
tripalmitin was redissolved in 0.5 ml of petroleum ether 
(bp 35-50°C) and 187 mg of Triton X-100 was added. 
These components were alternately stirred on a Vortex 
mixer and heated to 60°C in a water bath until all the 
petroleum ether evaporated and a clear monophase of 
triglyceride in Triton X-100 was observed. This mono- 
phase was diluted by the dropwise addition of distilled 
water at  60°C while vigorous stirring was maintained. 
The resulting water-clear dispersion was cooled to 
23°C in a water bath. 

Unless otherwise stated, the lipase was 
incubated for 10 min in a 1-ml final volume in the 
presence of 50 pnioles of sodium phosphate buffer, pH 
6.65, 56 mg of Triton X-100, and 2 pmoles of glycerol 
tripahitate-1 J4C, The pH selected is at the midpoint 
of the shoulder of the pH profile of the activity. The 
reaction was stopped by the addition of 5 ml of iso- 
propanol-heptane-1 N H2S04 40 : 10 : 1, and the release 
of free fatty acid was measured as previously described 
(17) after the separation of radioactive free fatty acid 
from glycerides by extraction first into a heptane phase 
and then into an alkaline ethylene glycol phase. 

Protein Assay. Protein was measured by the procedure 
of Lowry, Rosebrough, Farr, and Randall (18). 

Gel Filtration Studies. In  order to estimate micellar 
size and to assess changes in the size of micelles during 
aging, columns (0.65 X 9.5 cm) containing Bio-Gel 
A-1.5 m were prepared in the usual manner and equili- 
brated at 37°C with an aged dispersion of tripalmitin in 
Triton X-1 00. The equilibration mixture was prepared 
by adding 20 ml of a dispersion of 10 pmoles/ml of 
glycerol tripalmitate in 280 mg/ml of Triton X-100 to 
80 in1 of a solution containing 0.0625 M sodium phos- 
phate buffer, pH 6.65, and 0.025y0 sodium azide. This 
mixture was incubated at  37°C for 3 hr before it was 
applied to columns. In  some instances, the micellar size 
was measured on Bio-Gel columns equilibrated with 
Triton X-1 00 dispersion prepared in exactly the same 
manner except for the omission of triglyceride. Experi- 

Preparation of Standard Tr$almitin Dispersion. 

Libase Assay. 
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ments described in the text regarding Sephadex G-200 
gel filtration were performed with Sephadex columns 
equilibrated with the latter Triton X-100 dispersion. 
Sample application and elution were performed in the 
following manner. A standard glycerol tripalmi tate- 
lJ4C dispersion (specific activity 58,900 dpm/peq) was 
diluted to 2 pmoles/ml triglyceride and 56 mg/ml 
Triton X-100. Aliquots of this preparation (50 ~ 1 )  were 
placed on columns and eluted with the equilibration 
mixture at  a flow rate of 0.35 ml/min. Fractions (0.08 
ml) were collected and radioactivity was measured 
in scintillation vials containing 5 in1 of scintillation 
liquid prepared as previously described (17). Columns 
were calibrated with 50 pl-aliquots of a solution contain- 
ing 3 mg/ml of Dextran 2000, 3 mg/ml of Dextran 20, 
and 0.9 mg/ml of Vitamin Blz before and after a series of 
runs. 

RESULTS 

Kinetics of Beef Liver Lipase with Freshly Diluted 
and with Diluted and Aged IXvpersioiis of 
Tripalmitin as Substrate 
As shown in Fig. lA, when freshly diluted dispersions 
were used as substrate, the rate of triglyceride hydrolysis 
increased with time. The average rate in the first 10 
min of incubation was 8.5 nmoles/min; from 10 to 22 
min it was 9.8 nmoles/min; from 22 to 40 min it was 
11.0 nmoles/min; and in the final 20 min plotted, it was 
12.4 nmoles/min. The rate continued to increase for at 
least 90 min. Nonlinear kinetics with unaged substrate 
was observed with all batches of enzyme and substrate 
tested. The average range of duplicates was f3%,  so 
these changes in the rate are significant. However, with 
aged substrate the rate was constant and was more 
than four times greater than the initial rate observed 
with unaged substrate. Barker and .Jencks reported 
similar results for dispersions of a substrate for pig liver 
esterase (1 9). A linear rela tionship of enzyme concentra- 
tion to rate of hydrolysis was obtained when aged 
substrate was used (Fig. 1B). The specific activity of this 
preparation of beef liver lipase measured in this way 
was 6.0 f 0.2 nInoles/min/mg. The enzyme preparation 
is stable for at  least 3 months at -60"C, and the specific 
activities of freshly thawed aliquots of this preparation 
were consistently within the range indicated. 

Efect of Ayiny of Diluted Substrate I)i.rper.vions on the 
Saturation Kinetics of Beef Liver Lipuse 
In  Fig. 2 ,  saturation curves for the enzyme(s) are pre- 
sented. The saturation kinetics of the enzyme prepara- 
tion was measured directly after addition of the substrate 
to the reaction mixture and after the indicated times 
of aging of the substrate. When the kinetics is measured 

Time (min 1 

Protein Concentration ( m g / m l  1 

FIG. 1. Beef liver lipase-catalyzed hydrolysis of tripalmitin as a 
function of time and enzyme concentration. In Fig. 1A the amount 
of palmitic acid released from glycerol tripalmitate-1 -lac (47,500 
dpmlpeq) in unaged dispersions (0 )  and in aged dispersions (0) 
is plotted vs. time of incubation in the presence of enzyme. In 
Fig. 1B the amount of palmitic acid released from glycerol tri- 
palmitate-lJ4C of the same specific activity in aged dispersions is 
plotted vs. protein concentration. When the rate, with freshly 
diluted dispersions, was measured, 0.2 ml (5.9 mg of protein) of 
a preparation of soluble beef liver lipase was added to 0.5 ml of 
0.1 M sodium phosphate buffer, pH 6.65, at 37°C. The reaction 
was started by the addition of 0.3 ml of a freshly prepared standard 
dispersion of tripalmitin in Triton X-100. When the rate of hy- 
drolysis of diluted and aged dispersions of triglyceride was meas- 
ured, the dispersion was added to the phosphate bufft-r and in- 
cubated at 37°C: for 3 hr before the addition of enzymt-. 

after 3 hr of aging of substrate, a linear relationship 
between the reciprocals of velocity and substrate con- 
centration is observed. However, complex kinetics are 
observed when measured with freshly diluted substrate. 
The velocity increases until it approaches a maximal 
value 2 to 3 hr after substrate aging begins. The equilib- 
rium value is maintained for a t  least 2 hr. The relative 
extent and rate of increase in the velocity of hydrolysis 
is a linear function of the substrate concentration (Fig. 3 ) .  

effect of Triton X-100 on the Saturation Kinetics of Beef 
Liver Lipaae and on the Dispersion Aging Process 
Linear reciprocal plots for all concentrations of Triton 
X-100 tested were obtained from initial rate measure- 
ments of the saturation of beef liver lipase with fully 
aged substrate dispersions (Fig. 4). Triton had no effect 
on the apparent V,,, but markedly increased the 
apparcnt K,>L. Fig. 5 is a plot of apparent K, vs. Triton 
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Tripalmitin Concentration ( mM 

1lTriDalmitin (mM-l1 

FIG. 2. Beef liver lipase-catalyzed hydrolysis of tripalmitin as a 
function of substrate concentration measured after aging of diluted 
dispersions. In Fig. 2A the rate of release of palmitic acid from 
glycerol tripalmitate-1-l4C (70,500 dpm/peq) is plotted vs. the 
substrate concentration. In Fig. 2B the reciprocal of the rate of 
hydrolysis is plotted vs. the reciprocal of the substrate concentra- 
tion. The saturation kinetics of beef liver lipase for tripalmitin was 
measured in a 1-ml reaction volume containing 1.47 mg of protein, 
the indicated amounts of tripalmitin, 56 mg of Triton X-100, and 
50 pmoles of sodium phosphate buffer, pH 6.65, at 37°C. Incuba- 
tions were carried out for 10 min. Substrate was incubated in the 
mixture at 37°C for the indicated periods of time before enzyme 
was added. The symbols in Fig. 2 represent the saturation curves 
obtained when diluted dispersions were not aged (O),  or when 
diluted dispersions were aged for 30 min (0), for 60 min (A), and 
for 180 min (A). 

X-100 concentration. The apparent K,  extrapolated to 
zero Triton X-100 concentration in this manner is 7.5 X 
10-5 M. 

The results presented in Fig. 6 were obtained by the 
same procedure as those described in Fig. 2, except that 
tripalmitin concentrations were maintained at 1 mM 

and the Triton X-100 concentration was varied as in- 
dicated. The relative rate and extent of increase in the 
rate of hydrolysis are inversely proportional to the 
Triton X-1 00 concentration in the range measured 
(Fig. 6B). 

Tripalmitin Concentration ( mM ) 

FIG. 3. Effect of time of aging of diluted tripalmitin dispersions 
on the velocity of hydrolysis of the substrate measured as a func- 
tion of tripalmitin concentration. The fractional increase in the 
rate of release of palmitic acid from glycerol tripalmitate-l-"C 
(specific activity 70,500 dpm/peq) in aged preparations relative 
to that of unaged preparations is plotted vs. the substrate con- 
centration in diluted dispersions. All experimental conditions are 
the same as in Fig. 2. Relative increase in the velocity of hydrolysis 
of the substrate after 30 min of aging of the diluted dispersions (A), 
and after 180 min of aging (0). 

Estimation of Size of Mixed Micelles of Tripalmitin 
and Triton X-100 

The size of the micelles was estimated by gel filtration 
on Sephadex and Bio-Gel columns as described in 
Methods. The micelles were completely excluded from 
Sephadex G-200. This indicates a micellar size greater 
than the molecular size of T-globulin (which has a 
spherical diameter of 110 A). The micelles were eluted 
from Bio-Gel A-1.5 m columns as a broad symmetrical 
peak which was retarded compared with the void volume 
marker, indicating a spherical diameter no greater than 
400 A (Fig. 7). This estimate of spherical radius is in 
good agreement with the determination of the micellar 
size of similar nonionic detergents by light-scattering 
techniques (14). There was a significant increase in the 
size of micelles aged in standard dispersions at 37°C 
for 4 hr (Fig. 7A). However (Fig. 7B), there was no 
significant change in the micellar size of dispersions 
which were diluted and aged in the manner described 
in Figs. 2 and 6. 

e f fec t  of pH on the Activity of Beef Liver Lipase 
In Fig. 8, the pH profile of the lipase activity is presented. 
The pH profile was measured directly after the dilution 
of the substrate and after 3 hr of aging of the diluted 
substrate. The pH profile for the enzyme measured with 
aged substrate is characterized by a peak of activity at 
approximately pH 4.6 and a broad shoulder of activity 
in the range 5.6-7.6. There is no significant alkaline 
lipase activity peak. The pattern for the pH profile 
determined with freshly diluted substrate is similar, 
but the activity is markedly lower than that determined 
with aged substrate. The fractional increase in the ac- 
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FIG. 4. Effect of Triton X-100 concentration on the saturation 
kinetics of the beef liver lipase-catalyzed hydrolysis of tripalmitin 
in aged dispersions. The results were calculated from measure- 
ments of the rate of hydrolysis of glycerol tripalmitate-1-14C (spe- 
cific activity 58,900 dpm/peq) catalyzed by beef liver lipase in 
dispersions prepared at the indicated substrate and Triton X-100 
concentrations and aged for 3 hr at 37°C before the addition of 
0.05 ml of enzyme (1.68 mg of protein). The reaction was stopped 
after 20 min of incubation in the presence of enzyme and the re- 
lease of free palmitate was measured as in Fig. 1. The symbols 
represent experimental points obtained at Triton X-100 con- 
centrations of 18.7 m g / d  (.), 37.4 mg/ml (0), 56.1 mg/nil 
(m), 84.4 m g / d  (A), and 112.8 mg/ml (0). The lines drawn 
through these points were calculated with the aid of a programmed 
fitting procedure (20) as modified for a Hrwlrtt-Packard desk 
coniputcr. 

tivity of enzyme determined with aged substrate over 
that determined with unaged substrate was independent 
of pH. The average value of this ratio was 5.3 f. 0.4 
(SD) in the pH range of 3.6-7.6. 

DISCUSSIOK 

The finding that the gradual increase in the rate of 
hydrolysis of tripalmitin by beef liver lipase could be 
eliminated by aging the dispersion complex (Fig. 1) 
indicates that the nonlinear kinetics observed with 
freshly diluted dispersions was due to a change in the 
properties of the micelles during incubation. The sirn- 
plest way to explain these changes is to postulate two 
forms for the micellar substrate: a form which is essen- 
tially nonproductive (“prosubstrate”) and a form which 
is productive (effective substrate). 

A plot of the reciprocal of velocity vs. the reciprocal 
of effective concentration should be linear if the enzyme 
exhibits Michaelis-Menten-type kinetics. The finding 
that the reciprocal of velocity is a linear function of the 
reciprocal of the added substrate concentration for fully 
aged dispersions (Fig. 2) indicates that the equilibrium 
concentration of effective substrate is proportional to the 
added substrate concentration. The probable cause of the 

1.5- 

1.2-  

- 
T 
2 0 . 9 -  
E 
?L 

c - 

,;lf7.5 x 10-5 M 
1 I I 

0 20 40 60 80 100 
Triton Concentration ( m g l m l  ) 

FIG. 5. 
K, ,  of beef liver lipase for tripalmitin in aged dispersions. 

Effect of Triton X-100 concentration on the apparrnt 

complex Lineweaver-Burk plots of the reciprocals of veloc- 
ity and added substrate concentration a t  zero time of 
aging of the substrate (Fig. 2) is that the effective sub- 
strate concentration is not proportional to the added 
substrate concentration under these conditions. Such 
considerations should be taken into account when 
complex saturation kinetics are observed for micellar 
substrates and may explain the apparent substrate in- 
hibition observed by Mahadevan and Tappel (1). 

One way to explain the effects of Triton X-100 on 
the saturation kinetics (Fig. 4) is by postulating a 
conipeti tion between Triton X-100 micelles and tr i- 
palmitin-Triton micelles for the substrate binding site 
on the enzyme. The diameter of the mixed substrate 
micelles has been estimated to be in the order of 100 A. 
This finding, taken in conjunction with the reports 
that some lipases are lipoproteins (21, 22) gives credence 
to the possibility that in this system the triglyceride 
moves from the hydrophobic center of the mixed micelle 
into a hydrophobic region on the enzyme. Triton X-100 
micelles could bind to this region and prevent access by 
mixed micelles containing substrate. An alternative ex- 
planation of the effect of Triton X-100 on the satura- 
tion kinetics is that the fraction of added substrate which 
is in the form of effective substrate at  equilibrium is 
inversely proportional to the Triton X-1 00 concentra- 
tion (Fig. 6). This possibility should be taken into 
consideration when apparent competitive effects are 
observed with micellar substrates, and it may play a 
role in the effects of esters on the saturation kinetics 
of rat liver lipase observed by Okuda and Fujii (21). 

I t  is possible that more than one enzyme is present 
in the preparations described in this report. Further, the 
interaction of the substrate with a grouping of different 
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FIG. 6. Effect of time of aging of diluted tripalmitin dispersions 
on velocity of hydrolysis of substrate measured as a function of the 
Triton X-100 concentration. In Fig. 6A the rate of release of pal- 
mitic acid from glycerol tripalmitate-l-14C (specific activity 58,900 
dpm/peq, final concentration 1 mM) catalyzed by beef liver 
lipase is plotted vs. the time of aging of diluted substrate disper- 
sions. Conditions of aging, incubation, and assay are described in 
Fig. 2. The symbols in Fig. 6A represent the aging curves obtained 
at final Triton X-100 concentrations of 37.4 m g / d  (O) ,  56.1 
m g / d  (O), 84.4 mg/ml (A), 112.8 mg/ml (A). In Fig. 6B the 
fractional increase in the rate relative to that of unaged prepara- 
tions is plotted as a function of the Triton X-100 concentration. 
The symbols in Fig. 6B represent the relative increase in the pro- 
ductivity of the substrate after 15 min of aging of the diluted dis- 
persion (m) and after 180 min of aging (- -0- -). 

lipases might be essential for the sensitivity of the activity 
to alterations in the substrate. The shape of the pH 
profile is suggestive of the presence of at least two 
lipases. However, the extent of sensitivity of the activity 
to these alterations is independent of the pH of aging 
of the substrate or the pH of assay of the enzyme. There- 
fore, if a grouping of lipases is required for the phe- 
nomenon, the structure of the grouping must be insensitive 
to pH. The final resolution of this problem will come 
from the purification of the lipase(s). At the present 
time, we have succeeded in purifying the activity 12- 
fold. No physical or chemical evidence has been ob- 
tained for more than one lipase in this preparation. 

At the present time, the properties of the substrate 
undergoing a conversion from "prosubstrate" to effec- 
tive substrate are not known. The size and distribution 

Fraction Number 

FIG. 7. Estimation of micellar size of tripalmitin dispersion com- 
plexes on Bio-Gel A-1.5 m. This figure illustrates the patterns of 
elution of glycerol tripalmitate-l-14C dispersions (50 pllsample, 
58,900 dpmjpeq) from a Bio-Gel A-1.5 m column equilibrated 
with an aged, unlabeled tripalmitin dispersion of the same tri- 
palmitin concentration (2 pmoles/d) and Triton X-100 con- 
centration (56 m g / d )  as the sample. The arrows, from left to 
right, indicate void volume (Vo) ,  elution volume (V,) of yellow 
dextran 20 (mol wt 20 X loa), and total volume (V,)  of the column. 
The symbols in Fig. 7A represent the patterns obtained with sam- 
ples which were applied to the column immediately after they were 
prepared from unaged standard dispersions (0 )  and with samples 
which were applied to columns immediately after they were pre- 
pared from standard dispersions which had been incubated at 
37°C for 4 hr (m). The symbols in Fig. 7B represent the patterns 
obtained with samples prepared from unaged standard dispersions 
and incubated at 37'C for 30 min (0), 60 min (O) ,  and 120 min 
(A) before they were applied to the column. 

U " U 
.- 

c 

J 
L? 

4 5 6 7 8 9 
P H  

FIG. 8. Effect of pH on the activity of beef liver lipase. The rate 
of release of palmitic acid from glycerol tripalmitate-lJ4C in 
aged and unaged dispersions is plotted vs. pH. Conditions of 
incubation, aging, and assay were the same as in Fig. 1, except 
that 1.47 mg of protein was used and the buffers were either 0.05 
M sodium acetate-acetic acid (O) ,  0.05 M sodium phosphate (0), 
or 0.05 M Tris-HC1 (A), at the indicated pH. Reactions were 
stopped after 10 min of incubation in the presence of enzyme. 

of the micelles do not change significantly with time 
of aging after dilution (Fig. 7). This finding is in agree- 
ment with the report of Borgstrom (11) that mixed 
micelles of triglycerol ethers and bile salts are not 
affected by concentration changes above the critical 
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micellar concentration for the detergent. Furthermore, 
the decomposition of “prosubstrate” to smaller micelles 
should be first order in “prosubstrate” concentration. 
However, a plot of the log of the “prosubstrate” concen- 
tration vs. time of aging calculated for data in Fig. 3 
is not a straight line. I n  some cases demicellization 
following dilution has been found to occur with a rate 
comparable to that of the aging process reported here 
(23, 24). T h e  extent of the demicellization process 
should decrease as the dilution of Triton X-100 de- 
creases. If it is assumed that the effective substrate is 
demicellized triglyceride stripped of Triton X-1 00, 
then the data in Fig. 6 would be in consonance with this 
hypothesis. However, there a re  many other possibilities, 
including alterations in the hydration and  shape of the 
micelles, which could explain the reported observa- 
tions. 

T h e  use of micellar dispersions of triglyceride in 
detergent as substrates for lipase has many advantages. 
First, they approximate the form of endogenous sub- 
strate in vivo. T h e  study of the factors which prevent 
their conversion to emulsion droplets may have signif- 
icance for the elucidation of the processes which produce 
fatty livers, the fatty degeneration associated with 
hepatomas, a n d  the fatty plaques of atherosclerotic 
lesions. Second, the dispersions can  be prepared in 
a manner which gives reproducible activity a t  low satu- 
rating triglyceride concentration relative to  emulsions 
(Fig. 1). This  decreases some of the assay interference 
associated with the use of high substrate concentrations. 
Third,  appropriate extrapolation procedures a re  avail- 
able to  nullify effects of detergent on the enzyme (Fig. 
5). Finally, the use of enzymes as probes of micellar 
properties may be a valuable tool for the investigation 
of the physical chemistry of lipids. 

The authors would like to express their appreciation for the 
expert technical assistance of Miss Dianne Farris. 
This work was supported by U.S. Public Health Service Grant 
AM13516. 
Manuscript received 24 Jul~ 7970; accepted 74 .January 7977. 

REFERENCES 

1 .  Mahadevan, S., and A. L. Tappel. 1968. Lysosomal 
lipasesof rat liver and kidney. J .  Biol. Chem. 243: 2849-2854. 

2. Carter, J. R., Jr. 1967. Hepatic lipase in the rat. Biochim. 
Biophys. Acta. 137: 147-156. 

3. Higgens, J. A., and C. Green. 1967. Properties of a lipase 
of rat liver parenchymal cells. Biochim. Biophys. Acta. 144: 
21 1-220. 

4. Hayase, K., and A. L. Tappel. 1970. Specificity and other 

5. 

6. 

7. 

8. 

9. 

I O .  

11. 

properties of lysosomal lipase of rat liver. .I. Biol. Chem. 

Senior, J. R., and K. J. Isselbacher. 1963. Demonstration 
of an intestinal monoglyceride lipase: an enzyme with a 
possible role in the intracellular completion of fat diges- 
tion. J. Clin. Invest. 42: 187-195. 
Lucas, C. C., and J. H. Ridout. 1967. Fatty livers and 
lipotropic phenomena. Progr. Chem. Fats Other Lipids. 10: 
11-12. 
Benzonana, G., and P. Desnuelle. 1968. Action of some 
effectors on the hydrolysis of long-chain triglycerides by 
pancreatic lipase. Biochim. Biophys. Acta. 164: 47-58. 
Biale, Y., E. Gorin, and E. Shafrir. 1968. Characterization 
of tissue lipolytic and esterolytic activities cleaving full and 
partial glycerides. Biochim. Biophys. Acta. 152: 28-39. 
Ansted, C. N., and I .  A. Hansen. 1968. A statistical anal- 
ysis of the main effects and interactions of pH, tauro- 
cholate and calcium on pancreatic lipase activity. Chem. 
Phys. Lipids 2: 343-360. 
Sarda, L., and P. Desnuelle. 1958. Action de la lipase 
pancrtatique sur les esters en Cmulsion. Biochim. Biophys. 

Borgstrom, B. 1965. The dimensions of the bile salt micelle. 
Measurements by gel filtration. Biochim. Biophys. Acta. 

245: 169-175. 

Acta. 30: 513-521. 

106: 171-183. 
12. Hofmann, A. F., and D. M. Small. 1967. Detergent 

properties of bile salts: correlation with physiological 
functions. Annu. Rev. Med. 18: 333-376. 

13. Wallach, D. P. 1970. Enhancement of the lipolytic activity 
skeletal muscle in certain physiological states. Can. .J. 
Biochem. 48: 547-552. 

14. Becher, P., and H. Arai. 1968. Nonionic surface-active 
compounds. XI. Micellar size, shape, and hydration from 
light-scattering and hydrodynamic measurements. .J. 
Colloid Interfaie Sci. 27: 634-641. 

15. Florence, A. ‘I’. 1969. Micellar size, shape, and hydration 
of nonionic surfactants. J .  Colloid Interface Sci. 31: 580-582. 

16. Becher, P., and H. Arai. 1969. Micellar size, shape, and 
hydration of nonionic surface-active agents-a reply. 
J .  Colloid Interface Sci. 31: 583-584. 

17. Kaplan, A. 1969. A simple radioactive assay for triglyceride 
lipase. Anal. Biochem. 33: 218-225. 

18. Lowry, 0. H., N.  J. Rosebrough, A. L. Farr, and R.  J. 
Randall. 1951. Protein measurement with the Folin 
phenol reagent. .J. Biol. Chem. 193: 265-275. 

19. Barker, D. L., and W. P. Jencks. 1969. Pig liver esterase. 
Kinetic properties. Biochemistry. 8: 3890-3897. 

20. Wilkinson, G. N. 1961. Statistical estimations in enzyme 
kinetics. Biochem. J .  80: 324-332. 

21. Okuda, H., and S. Fujii. 1968. Relationship between 
lipase and esterase. J.  Biochem. (Tokyo) .  64: 377-385. 

22. Srhnatz, J. D., and J. A. Cortner. 1967. Separation and 
further characterization of human adipose tissue neutral 
and alkaline lipolytic activities. J .  Biol. Chem. 242: 3850- 
3859. 

23. Hofstee, B. H. J. 1958. Micelle formation in substrates ol 
esterases. Arch. Biochem. Biophys. 78: 188-1 96. 

24. Blauer, C., and B. Zvilichovsky. 1969. Ultracentrifuga- 
tion studies on the aggregation of ferriprotoporphyrin. 
IX. By electrolytes in aqueous alkaline medium. Arch. 
Biochem. Biophys. 127: 749-755. 

330 JOURNAL OF LIPID RESEARCH VOLUME 12, 1971 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

