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Localization of Cholesterol Esterase and Cholesterol in Mucosal Fractions 
of Rat Small Intestine." (28588) 

LINDA L. GALLO AND C. R. TREADWELL 
Department of Biochemistry, George Washington University School of Medicine, Wushington, D.C. 

I t  has been reported that dietary cholesterol 
penetrates the intestinal mucosa in the free 
form but appears in the lymph almost entirely 
as ester(1). Also, it has been shown that 
lymph is not the site of cholesterol esterifica- 
tion in absorption( 2 ) .  Therefore, the esterifi- 
cation of this cholesterol must occur between 
these two sites, i.e., in the intestinal mucosa. 
Moreover, the enzyme, cholesterol esterase, 
which catalyzes the synthesis of cholesterol 
esters and their hydrolysis has been demon- 
strated in the mucosa(3). The purposes of 
the experiments presented here were to deter- 
mine, firstly, the subcellular location of the 
cholesterol esterase in the mucosa of the rat 
small intestine; secondly, to determine the 
levels of free and esterified cholesterol in the 
wall of the small intestine; and thirdly, to 
determine the distribution of free and esteri- 
fied cholesterol in subcellular fractions of the 
mucosa. 

Experintental. Male Carworth rats, weigh- 
ing between 100 and 200 g, were fasted 18 
hours before sacrifice. The intestinal mucosa 
was scraped from the previously washed and 
everted intestine (severed posterior to the 
common duct and at  the ileo-cecal junction) 
and fractionated into brush border and super- 
natant fractions in .005 M EDTA according 
to the procedure of Miller and Crane(4) with 
modifications. Rat intestinal mucosa was used 
rather than hamster mucosa (4) and homoge- 
nization of the mucosa was carried out with a 
Potter-Elvehjem type homogenization tube 
fitted with a Teflon pestle by making 2 up 
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and down passes a t  a pestle speed of 1200 rpm. 
This procedure was adequate for rupture of 
all the intact cells as observed by microscopic 
examination and at  the same time left the 
brush border particles intact, as determined 
by invertase assay (Table I ) .  It was also 
determined by invertase assay that repeated 
washing and centrifugation of the brush bor- 
der did not result in its rupture (Table I). 
Brush border preparations which contained 
90-100% of the invertase activity of the mu- 
cosal homogenate and which under micro- 
scopic examination were found free of intact 
cells and cell debris were considered adequate 
for further study. Invertase was measured by 
the method of Borgstrom and Dahlqvist ( 5 ) .  

Fractionation of the intestinal mucosa into 
subcellular fractions was carried out in 0.25 
M sucrose, using the differential centrifugation 
procedure of Hogeboon and Schneider (6 ) .  

Cholesterol esterase activity was determined 
in the EDTA and sucrose homogenates of the 
intestinal mucosa and in the subfractions pre- 
pared as described above. ( I t  should be noted 
that the term supernatant fraction is used to 
designate that fraction of the EDTA homoge- 
nate free of brush border, and that the term 
soluble fraction is used to designate that frac- 

TABLE I. Recovery of Invertase Activity in 
Brush Border Preparations. 

Inver tase 
activity* Recovery 

Fraction (units) (%) 

Homogenate 357 - 
Brush border 343 96 
First supernatant 21 6 
Washed brush border 343 96 

* Activity-pmoles reducing sugar/hr at 37°C. 
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tion of the sucrose homogenate free of particu- 
lates of microsomal size and larger.) Levels 
of activity were determined as described 
below. 

The procedure for preparation of the incu- 
bation media, the incubation conditions, and 
the molar ratio of the contents of the incuba- 
tion flasks in the assay for cholesterol esterase 
activity were those of Swell( 7 ) .  The incuba- 
tion flasks for studying esterification contained 
free cholesterol (6.0 mg), oleic acid (13.1 
mg) , sodium taurocholate ( 17.7 mg) and al- 
bumin (6.0 mg) , For determination of hydro- 
lytic activity the flasks contained cholesterol 
butyrate equivalent to the amount of free cho- 
lesterol in the esterification system and the 
same amounts of sodium taurocholate and 
albumin. In all incubations, 3 ml of the en- 
zyme source (subcellular fractions were re- 
stored to their original volume) were added 
to 1 ml of substrate mixture and incubated for 
18-24 hr a t  37°C in a Dubnoff shaker. All 
assays were run in triplicate. In control flasks 
the enzyme in the preparation was first in- 
activated by heating at  70°C for 10 min. and 
3 ml of this dispersion was then added to the 
substrate in place of the active enzyme source. 
After the incubation period, the contents of 
each incubation flask were rehomogenized, 
sampled, the lipid extracted in acetone: alcohol 
( 1 : 1) and free and total cholesterol deter- 
mined. 

Cholesterol levels in the wall of the small 
intestine were determined as follows: Samples 
of the proximal, central, and distal segments 
of the small intestine were excised, blotted, 
weighed (approximately 1 g total weight) and 
added to 25 volumes of acetone:alcohol ( 1 : 1) 
and homogenized for 2 minutes in a Servall 
homogenizer. The homogenate was brought 
to a boil, the supernatant decanted, and the 
tissue residue reextracted twice in 25  ml of 
boiling acetone: alcohol. The lipid extract was 
brought to volume and aliquots were taken 
for determination of free and total cholesterol. 
A mucosal homogenate was prepared from the 
remainder of the intestine from the same ani- 
mal and fractionated into subcellular f rac- 
tions. An acetone-alcohol extract was pre- 
pared from the mucosal homogenate and its 
fractions and aliquots taken for free and total 

TABLE 11. Esterification of Cholesterol and Hy- 
drolysis of Cholesterol Butyrate by Rat  Mucosal 

Fractions. 

Enzyme distribution 
Esterification Hydrolysis 

Fraction (units)" (%) (units)+ (%) 

7.63 100 
Brush border .57 17 1.80 24 
Supernatant 2.67 80 5.66 74 

Sum of fractions 3.24 97 7.46 98 

Homogena te 3.33 100 

- -  - L _  

* pmoles cholesterol esterified/hr/g of mucosa. 
t &moles cholesterol liberated by hydrolysis/hr/g 

of mucosa. 

cholesterol determination. In  all cases choles- 
terol was determined by the method of Va- 
houny et a L ( 8 ) .  

Results. Cholesterol esterase activity in 
brush border and supernatant fractions: Typi- 
cal results from the esterification and hydroly- 
sis studies are shown in Table 11. Control 
flasks containing all the components of the 
system but lacking an active enzyme source 
did not synthesize or hydrolyze cholesterol 
ester. Analysis of the contents of the experi- 
mental flasks after incubation showed that 
80% of the esterifying activity of the whole 
homogenate was in the supernatant fraction 
and 17% was in the brush border fraction. 
(Individual animals showed the following per- 
centage partition of the enzyme between su- 
pernatant and brush border: 71,  18; 93, 16; 
76, 18; 80, 17; 8'0,15; and 74, 16). Thesame 
partition of hydrolytic activity was found as 
for esterifying activity. It was possible that 
the esterase activity recovered in the brush 
border was due to adsorbed pancreatic choles- 
terol esterase from the lumen of the intestine 
or residual contamination from the enzyme 
concentrated in the supernatant fraction. 
These possibilities were tested by using 
washed brush border preparations in the assay 
for hydrolytic activity of the enzyme. While 
unwashed brush border contained as much as 
2 5 % of the total activity, once-washed brush 
border was essentially free of cholesterol ester- 
ase activity. In 5 such experiments 10-25% 
of the total esterase activity was recovered in 
the wash. 

Cholesterol content of rat intestinal wall 
and intestinal mucosal fractions: Cholesterol 
content of rat intestinal wall, intestinal mu- 
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TABLE 111. Cholesterol Content of Rat Intes- 
tinal Wall and Mucosal Fractions. 

Cholesterol* (mg/g tissue) 
Tissue fraction Total Free Ester 

Intestinal wall 2.15 2 .06 1.83 -+- .11 .32 4 .06 

Homogenate 2.23 & .09 1.74 2 .06 .49 f .05 
Supernatant 1.10 .08 .07 4 .06 .40 f .05 
Brush border 1.10 rfr .05 1.02 2 .08 .08 k .03 

" mucosa 

* Avg of 7 experiments. r+ z S.E. of mean. 

cosa, and its fractions were determined on the 
same animals. This experiment was an at- 
tempt to determine if esterified cholesterol was 
concentrated in the same fraction of the mu- 
cosa as cholesterol esterase. Results are shown 
in Table 111. Most of the cholesterol of the 
whole small intestine, free and ester, was con- 
centrated in the mucosa. Of the total choles- 
terol in the mucosa, one-half or more occurred 
in the brush border in the free form. The 
remaining mucosal cholesterol which was pres- 
ent in the supernatant fraction contained 901- 
1100% of the esterified cholesterol of the 
mucosa. 

Partition of cholesterol esterase activity 
among rat intestinal mucosal cell fractions: 
These experiments were an attempt to fur- 
ther localize the site of action of cholesterol 
esterase. The results of esterification and hy- 
drolysis studies on the partition of cholesterol 
esterase activity in mucosal subcellular frac- 
tions of the same rat are shown in Table IV. 

TABLS IV. Esterification of Cholesterol and Hy- 
drolysis of Cholesterol Butyrate by Subcellular 

Fractions of Mucosa. 

Enzyme distribution 
Esterification" Hydrolysis t 

Fraction (units) (%) (units) (%) 

Homogenate 1.90 100 3.87 100 
Nuclei and cell 

debris .33 18 2 2  .64 16 & 2 
Mitochondria .01 14 0.2 .15 4 2 
Microsomes .26 12 4 3 .49 13 2 2 
Soluble fraction 1.19 63 2 3 2.54 66 & 5 ---- 

Sumof fractions 1.79 94 3.82 99 

*Values are averages of 4 experiments k S.E. 
of mean. Activity = pmoles cholesterol esterified/ 
hr/g mucosa. Flasks incubated 24 hr a t  37°C. 

t Values are averages of 5 experiments & S.E. 
of mean. Activity = pmoles cholesterol liberated 
by hydrolysis/hr/g mucosa. Flasks incubated 18 
hr at 37°C. 

The data show a close agreement between the 
distribution of hydrolytic and esterifying ac- 
tivity among the fractions. Sixty-three per 
cent or more of the activity of the whole 
homogenate was in the soluble fraction with 
lesser amounts of activity in the nuclei and 
cell debris, microsomal, and mitochondria1 
fractions. 

Discussion. Cholesterol es terase activity 
was concentrated in the supernatant fraction 
of the intestinal mucosa as opposed to the 
brush border fraction, Eighty per cent of the 
synthetic and hydrolytic activity was present 
in the supernatant fraction. However, in hy- 
drolysis experiments carried out on washed 
brush border, an additional 10-25% of the 
total esterase activity was recovered in the 
supernatant in each of 5 experiments. Washed 
brush border was practically free of choles- 
terol esterase activity and the invertase assay 
showed that esterase removed in the washing 
step was not derived from rupture of the brush 
border. This residual activity in the brush 
border was probably due to contamination 
from the intestinal cholesterol esterase in the 
supernatant. Hence, these data suggest that 
the processes of cholesterol esterification and 
cholesterol ester hydrolysis do not take place 
in the brush border but occur deeper in the 
mucosa. 

It was also found that the cholesterol esters 
of the mucosa were concentrated in the super- 
natant fraction. These data agree with the 
recovery of the cholesterol esterase in the 
supernatant fraction. The ester would be ex- 
pected to be concentrated near the site of ac- 
tion of the enzyme. 

Cholesterol determinations on rat intestinal 
wall and mucosa demonstrated that most of 
the cholesterol of the intestinal wall is con- 
centrated in the mucosa. The esterified frac- 
tion, which was almost entirely localized in 
the supernatant fraction of the mucosa, is 
probably newly formed ester resulting from 
the action of cholesterol esterase. 

When the intestinal mucosa was fraction- 
ated into subcellular fractions, an average of 
63 % and 66 % of the synthetic and hydrolytic 
activities, respectively, were in the soluble 
fraction. An average of 18% of the esterify- 
ing activity and 16% of the hydrolytic ac- 
tivity was in the nuclei and cell debris with 



smaller amounts of activity in the microsomes 
and mitochondria. There was no evidence for 
a separation of hydrolytic and esterifying ac- 
tivity and hence, no evidence for 2 separate 
enzymes catalyzing the 2 different processes 
of esterification and hydrolysis. 

The occurrence of a major part of the ester- 
ase activity in the soluble fraction and nuclei- 
cell debris also suggests that esterification 
occurs in the mucosal cells rather than in the 
brush border. It is likely that cholesterol 
passes through the brush border and enters 
the mucosal cells in the free form( 1) .  Then, 
the cholesterol is esterified within the mucosal 
cells and rapidly passes into the lymph as a 
part of the chylomicron ( 1 ) . 

Summary. A modified procedure for brush 
border preparation has been developed which 
gives 90-100% yields of invertase activity in 
the brush border. I t  was determined that the 
esterifying and hydrolytic activities of choles- 
terol esterase are concentrated in the super- 
natant fraction of the mucosa as opposed to 
the brush border. Further fractionation of the 
mucosal cells into nuclei and cell debris, mito- 
chondria, microsomes, and soluble fraction, 

tivity demonstrated that 60-66% of the ester- 
ase activity of the whole homogenate was in 
the soluble fraction. The remaining activity 
was distributed among the other fractions. 
The data suggest that esterification of choles- 
terol occurs in the mucosal cell rather than 
in the brush border. Cholesterol levels in rat 
intestinal wall, intestinal mucosa, and mucosal 
subcellular fractions are also reported. 

72 SECONDARY RESPONSE WITH DINITROPHENYLATED PROTEINS 

and assay of these fractions for esterase ac- ~ 

1. Swell, L., Trout, E. C., Jr., Hopper, J. R., 
Field, H., Jr., Treadwell, C. R., J .  Biol. Chem., 1958, 
v233, 49. 

2. Vahouny, G. V., Treadwell, C. R., PROC. SOC. 
Em.  BIOL. AND MED., 1958, v99, 293. 

3. Swell, L., Bryon, J .  E., Treadwell, C. R., J .  B i d .  
Chem., 1950, v186, 543. 

4. Miller, D., Crane, R. K., Anal. Biochem., 1961, 
v2, 1. 

5 .  Borgstrom, B., Dahlqvist, A., Acta Chem. Scand., 

6. Long, C., Biochemists’ Handbook, 1st Ed., p810. 
7. Swell, L., Treadwell, C. R., J .  Biol. Chem., 1950, 

8 .  Vahouny, G. V., Borja, C. R., Mayer, R. M., 

1958, v12, 1997. 

v182, 479. 

Treadwell, C. R., Anal. Biochem., 1960, v l ,  371. 

Received Tune 21. 1963. P.S.E.B.M., 1963, v114. 

Immunological Specificity of the Secondary Response with 
Dini trophenylated Proteins.* (28589) 
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Haptens may be coupled to different car- 
rier proteins to produce complete antigens. 
If the antibodies are assayed with an antigen 
made from the hapten coupled to an unre- 
lated carrier protein, only the anti-hapten 
specificity is tested. Taking advantage of 
this principle, the role of the carrier protein 
in the secondary response may be examined. 
Employing dinitrophenylated proteins, it was 
seen that a secondary response was produced 
only with the same hapten-carrier protein 
combination as used for the primary immu- 
nization. 

*Supported by grants from U. S. Public Health 
Service and Health Research Council of City of New 
York. 

Materials and methods. 1. Animals: Ran- 
dom-bred albino rabbits weighing approxi- 
mately 3-4 kg were used for immunization. 
Hartley-strain albino guinea pigs, 250  t 50 
g, were used for passive cutaneous anaphyl- 
axis (PCA) reactions. 

2. Antigens: 2,4-Dinitrophenylsulphonic 
acid ( D N P S )  (Eastman Kodak) was twice 
recrystallized from water and used for coupl- 
ing to 3 different carrier proteins, ie., bovine 
gamma globulin (BGG) (Armour Pharma- 
ceuticals, Lot #T 30203) ; crystalline bovine 
serum albumin (BSA) (Armour Pharmaceu- 
ticals, Lot #W 69312) ; crystallized egg albu- 
min (EA) (Worthington Biochemical Corp., 
Lot #A 598). 


