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Lecithin:cholesterol acyltransferase (LCAT) was puri-

fied 30,000-fold from hog plasma in a homogeneous state

as indicated by polyacrylamide gel electrophoresis. The

purified enzyme had an apparent molecular weight of

66,000 and was found to contain about 21.4 percent (w/w)

carbohydrate. The properties of hog LCAT including amino

acid composition were compared with human LCAT.

High density lipoprotein (HDL) was isolated from the

hog plasma by an immunoaffinity column chromatography.

The isolated HDL showed nearly identical lipid-protein

composition although it contained additional protein

components when it was compared to HDL isolated by a

traditional method involving ultracentrifugation.
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CHAPTER I

INTRODUCTION

Role of Plasma Lipoproteins in
Cholesterol Transport

Although cholesterol is a precursor for life-sustaining

steroid hormones and a vital substance for cellular integ-

rity, its insolubility in aqueous solutions creates numerous

problems for its transport and excretion. Because of its

low water solubility, special mechanisms are required for

the transport of cholesterol from one site to another in

the body. These mechanisms include lipoprotein transport,

binding proteins for intravascular transfers and micellar

solutions for biliary excretion and intestinal absorption.

Despite the efficiency of these systems, undesirable pre-

cipitation and/or accumulation of cholesterol can not always

be prevented. Consequently, deposition often occurs in the

arterial wall in the form of cholesteryl esters and pre-

cipitation of cholesterol in the bile generally leads to

the formation of cholesterol gallstones.

Cholesterol enters the intestinal tract from two major

sources: the diet and bile. Before absorption, cholesterol

must be solubilized with the aid of bile acids to form mixed

micelles. Cholesterol containing micelles cross the un-

1
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stirred water layer of the small intestine to the surface

of the luminal cell. Cholesterol is subsequently incor-

porated into chylomicrons which are secreted into the

lymphatic system and later the blood stream through the

thoracic duct. As these triglyceride rich lipoproteins

enter the capillary beds, they encounter an enzyme, lipo-

protein lipase (LPL). This enzyme hydrolyzes the triglyc-

erides of chylomicrons with the release of free fatty acids

and glycerol. Both products of lipolysis are quickly

removed causing shrinkage of the nonpolar lipid core of the

chylomicrons. However, the polar surface constituents

that are not hydrolyzed by the lipase thus become redundant

and are postulated to form folds of bilayers. These lipid

complexes may break off in sheets and rapidly fuse as phos-

pholipids and free cholesterol rich vesicles (32). These

vesicles may interact with preexisting high-density lipo-

proteins (HDL) in the circulating pool, accepting apoprotein

AI (apo-AI) or donating lipids to HDL. These newly formed

lipid-protein complexes have been suggested to serve as

substrates for the lecithin:cholesterol acyltransferase

(LCAT) reaction (29).

Cholesterol in the liver can be derived from three

sources: (1) newly absorbed cholesterol delivered by

chylomicron remnants; (2) cholesterol from peripheral

tissues delivered by lipoproteins and (3) endogenous chol-

esterol synthesized in the liver.



3

A portion of cholesterol produced by the liver is trans-

ported to the peripheral tissues for utilization. Since

cholesterol is nearly insoluble in aqueous solutions, it

is transported as a component of lipoproteins. The plasma

lipoproteins are lipid-protein complexes that are respon-

sible for intravascular lipid transport and regulate lipid

synthesis and catabolism. These complexes contain well

defined polypeptide components (apoproteins), which can

bind to lipids and facilitate their transport from one

tissue to another.

One of the major class of lipoproteins secreted into

the plasma from the liver is very low-density lipoprotein

(VLDL), which consists of specific apoproteins, phospho-

lipids and free cholesterol as well as a large nonpolar core

containing mostly triglycerides and small amounts of chol-

esteryl esters. When VLDL enters the plasma,, transforma-

tions in its structure begin to occur. These structural

changes are (1) the acquisition of esterified cholesterol

from HDL by means of esterified cholesterol transfer protein

(restricted to human and certain animal systems), (2) loss

of triglycerides to other lipoproteins and (3) acquisition

of apoproteins from HDL. The degradation of VLDL begins

through hydrolysis of triglycerides catalyzed by the enzyme,

lipoprotein lipase, with the aid of apoprotein CII on the

surface of endothelial cells (11). As hydrolysis proceeds,

free fatty acids and glycerol are released, the size of VLDL
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is reduced and the density of the particles increases so as

to yield intermediate-density lipoproteins (IDL). IDL is

degraded further by hepatic triglyceride lipase and it

becomes low-density lipoproteins (LDL).

LDL, which contains mostly cholesteryl esters in its

core, is utilized by cells via the LDL-receptor pathway.

Uptake of LDL by cells is mediated by LDL-binding to re-

ceptors on the surface of cells (16). The extent of the

binding is a function of the number of receptors, which is

regulated in turn by the cell's need for cholesterol. When

LDL binds to the receptor, it enters the lysosomes in the

cell by absorptive endocytosis. Within the cell, apopro-

teins are degraded to amino acids and cholesterol esters

are hydrolyzed by a lysosomal lipase. The resulting free

cholesterol is discharged into the cell cytoplasm, where

it can be utilized for the membrane biogenesis, reesterified

for storage in the cell or excreted out of the cell. As

cellular membranes become saturated with cholesterol through

the uptake of LDL and internal synthesis, there is need for

removal of excess sterol into the extracellular fluid for

return to the liver. These excess cholesterol molecules

are transported to the liver via the reverse cholesterol

transport pathway and excreted through the -intestinal tract.

Reverse Cholesterol Transport and Lecithin:

Cholesterol Acyltransferase

Cholesterol is thought to enter the plasma by a process

known as reverse cholesterol transport; not involving secre-
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tion of newly formed lipoproteins. Nearly all extrahepatic

tissues synthesize cholesterol or they may take up choles-

terol from the extracellular fluids, because free cholesterol

equilibrates rapidly between cell membranes. However, the

liver is the only organ in the body capable of metabolizing

or excreting cholesterol in significant quantities. Hence,

if extrahepatic tissues are to remain in balance with re-

spect to cholesterol, there must be a mechanism for trans-

ferring cholesterol from the tissues to the liver through

the plasma.

Cholesterol is excreted from extrahepatic cells only in

the unesterified form. HDL, especially HDL3 in humans, is

an efficient acceptor of the free cholesterol from the cells

in vitro (31). In plasma, most of this cholesterol in con-

verted to esterified form by the transesterification reaction

catalyzed by LCAT (14). Newly formed cholesteryl esters are

subsequently incorporated into the core of HDL particles. A

continuing esterification of the free cholesterol on the

surface of HDL maintains a concentration gradient which can

drive a new movement of free cholesterol from cell membranes

to plasma lipoproteins and thus provide a mechanism for the

removal of cholesterol from the tissues. In humans, there

is a net mass transfer of esterified cholesterol from HDL

to both LDL and VLDL mediated by esterified cholesterol

transfer/exchange protein. This transfer is associated with

a reciprocal and equimolar reversed transfer of triglycerides
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from VLDL and LDL to HDL. The VLDL particles are thus

transformed into remnants, which are removed by the hepa-

tocytes (Figure 1).

Lecithin:cholesterol acyltransferase (EC 2,3,1,43) is

an enzyme that is synthesized in the liver, circulates in

the plasma and acts mainly on HDL (13, 14, 15). By cata-

lyzing transfer of fatty acyl chain from the C:2 position

of phosphatidylcholine to unesterified cholesterol, LCAT

promotes the formation of lysophosphatidylcholine and of

cholesteryl ester. This reaction plays an important role

in the transport of cholesterol from peripheral tissues to

the liver. It has been shown that LCAT requires apoprotein

cofactors to be present during the reaction (12) and that

the enzyme prefers HDL over VLDL and LDL as a substrate (1).

Several investigators have reported on the isolation

and characterization of the enzyme from human plasma (3,

6, 9). Molecular weight of human LCAT was estimated to be

66,000-69,000. Human LCAT has also been shown to be a

glycoprotein containing 25 percent (w/w) carbohydrate.

Amino acid composition and physicochemical properties of

human LCAT have also been reported (7, 8).

r
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Fig. 1 notes:

A: In human, HDL picks up unesterified cholesterol from
cell membranes and phospholipids from VLDL and chylomicrons.
LCAT reacts with circulating HDL to form cholesteryl esters
from unesterified cholesterol and lecithin. Cholesteryl
esters formed by the action of LCAT are transferred to the
lower density lipoproteins by the cholesteryl ester transfer
protein and removed by the liver.

B: In rat, hog and some other animals, there is minimum
transfer activity of cholesteryl esters from HDL to the lower
density lipoproteins. Cholesteryl esters formed by the LCAT
reaction are transported to the liver by HDL.

FC, unesterified cholesterol; CE, cholesteryl ester;
PL, phospholipid; CETP, cholesterol ester transfer protein;
LPL, lipoprotein lipase; HTGL, hepatic triglyceride lipase.
(See Fig.l on following page.)
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Comparison of Plasma Lipoproteins
in Human and Hog

The hog (Sus Domesticus) has been judged as a suitable

animal model for atherosclerosis research on the basis of

several criteria: (1) resemblance of its serum lipoproteins

to human lipoproteins, (2) its susceptibility to athero-

sclerosis, (3) its diet, (4) availability and (5) cost (4,

26, 30). Earlier work has shown that cholesterol feeding

in miniature swine resulted in hypercholesterolemia with a

distinctive hyperlipoproteinemia and the subsequent devel-

opment of atherosclerosis (28). Hog serum contains three

classes of lipoproteins resembling VLDL, LDL and HDL found

in human serum. Although the distribution of the several

classes and components in hog and human lipoproteins may

be different, the lipid content and particle size of the

corresponding classes from the two sources appear to be

quite similar (27).

Chemical composition of hog LDL and HDL are fairly

close to those from human (10). Jackson and others (19)

demonstrated that the major apoprotein from hog and human

HDL have very similar chemical, immunological, physical and

physiological properties. It also has been shown that the

major apoprotein C isolated from hog serum is a polypeptide

similar in amino acid composition to apoprotein CII from

human serum and both proteins activated lipoprotein lipase

(23). In addition, the major apoprotein of hog LDL cross-

reacted immunologically with antiserum to human apoprotein B
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(17). This apoprotein was also a major component of hog apo

VLDL accounting for about 50 percent of the protein mass.

Kalab and Martin (22) have shown that both hog and human

VLDL have pre-beta electrophoretic mobility on agarose gel

and the amino acid composition of the human and hog apo VLDL

appear to be similar.

An essential distinction between the hog and human

lipoprotein systems is the heterogeneity in the density of

the hog LDL. Mahley and Weisgraber (27) found that LDL

distributed principally in the interval 1.03-1.08 g/ml and

HDL extended to lower limiting density of 1.07 g/ml. Janado

and Cook (21) observed that hog LDL contains two major com-

ponents, LDL1 and LDL2 (relative ratio; 2:1), which form

discrete boundaries on ultracentrifugation. In contrast,

Jackson and others (20) reported that there was no differ-

ence between LDL1 and LDL2 in protein composition and in

immunological properties, but there was a difference in

molecular size and ultracentrifugal properties. In addi-

tion, no apoprotein All was detected in delipidated hog

HDL when it was chromatographed on Sephadex G-150. Another

major difference is that there is only minimal in vivo trans-

fer of esterified cholesterol from HDL to other lipoproteins

in hog plasma (18). The mechanism for the transfer of

esterified cholesterol among hog lipoproteins has remained

uncertain although Ha and Barter reported recently that

cholesteryl ester may be redistributed between HDL subfrac-

tions (18).
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Purpose of This Study

Increased attention has been focused on the lipoprotein

metabolism in the hog, since it appeared that it might serve

as a suitable animal model for atherosclerosis research.

This attention decreased when some differences in lipo-

protein metabolism between hog and human were demonstrated

(18, 19). However, articles concerning hog lipoproteins

have recently appeared in the literature indicating that

hog lipoproteins are once again used for comparative

studies between hog and human lipoproteins and thus allow

better insights into the evolution of lipoprotein metabolism.

The methods for the isolation of HDL and LCAT from the

human plasma has been reasonably well established. However,

no procedure for the isolation of LCAT from hog plasma has

been reported. Likewise, a valid method for the isolation

of hog HDL has not been established since various density

ranges have been used for the ultracentrifugal isolation of

HDL from hog plasma. Even in the human, there are a number

of methods available for the isolation of HDL from plasma

since some components are dissociated from the intact HDL

when it is subjected to high centrifugal forces (2, 5, 24).

Therefore, the objectives of this study were (1) to

isolate and characterize LCAT from hog plasma and compare

its physicochemical properties with human LCAT, and (2) to

isolate intact HDL without using ultracentrifugation and

to compare it to HDL isolated by a traditional method.
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CHAPTER II

MATERIALS AND METHODS

Materials

Plasma

Fresh hog blood was obtained from a local slaughter house

and mixed with EDTA (final concentration, 2.6mM).. Plasma was

isolated immediately after blood collection by centrifugation

at 1000 g at 15*C for 15 min. The plasma was kept frozen

after collection and it appeared to retain its LCAT activity

for at least 3 months.

Chemicals

Triethylamine, calf serum fetuin, protein standards for

molecular weight determinations, anthrone, 2-thiobarbituric

acid, N-acetylneuraminic acid, phenylmethylsufonylfluoride

(PMSF) and cholesterol/triglyceride aqueous standards were

purchased from Sigma Chemical Co., St. Louis, Missouri.

Dimethylsulfoxide, ammonium molybdate, mercury and periodic

acid were obtained from Fisher Scientific Company, Fair Lawn,

New Jersey. Acrylamide, bis-acrylamide, riboflavin, ammonium

persulfate, N,N,N' ,N'-tetramethylethylenediamine, $-

mercaptoethanol and Coomassie Blue G-250 were purchased from

Eastman Kodak, Rochester, New York. Diethylaminoethyl-agarose

14
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(DEAE-agrose) and hydroxylapatite were from Bio-Rad Labs.

Sepharose 4B was from Pharmacia Fine Chemicals and cyanogen

bromide, anisol and trifluoromethanesulfonic acid (TFMS)

were purchased from Aldrich Chemical Company, Inc., Milwaukee,

Wisconsin. Polyethylene glycol-6000 and sodium arsenite were

obtained from Matheson, Colman and Bell, East Rutherford, New

Jersey and Triton X-100 was from Research Product International

Corp., Elkgrove Village, Illinois. Cholesterol and

triglyceride assay kits were purchased from Boehringer-

Mannheim Co., Indianapolis, Indiana and [1,2-3H-cholesterol

was obtained from Amersham/Searle. D(+)-mannose and D(+)-

galactose were obtained from Pfanstiehl Lab., Waukeagen,

Illinois and glucosamine-HCl was purchased from Nutritional

Biochemical Corp., Cleveland, Ohio. Endo-f-N-

acetylglucosaminidase H was obtained from Miles, Elkhart,

Indiana. All other chemicals were products of Fisher

Scientific Co., and were.of reagent grade.

Methods

Purification of LCAT from Hog Plasma

DDA-agarose chromatography.--Two liters of fresh plasma

were treated with a 50 percent (w/v) solution of polyethylene

glycol (PEG-6000) to achieve a final concentration of 6 per-

cent (w/v). The mixture was stirred for 3-4 hours at 4*C and

centrifuged in a Sorvall RC-5B refrigerated Super Speed

a I -- - wo
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Centrifuge at 9000 rpm for 30 min. The supernatant was

carefully removed and precipitant was discarded. The con-

ductivity of PEG-supernatant was adjusted to 25-28 x 103

pmho with 5 M NaCl solution and the pH was adjusted at 7.4.

Dodecylamine agarose (DDA-agarose) was prepared accord-

ing to Deutch and others (3) using the coupling method of

March and others (14). DDA-agarose column chromatography

was carried out as described by Jahani and others (8). A

DDA-agarose column (5 x 60cm) was equilibrated with a buffer

containing 0.3 M NaCl, 5 mM sodium phosphate pH,7.4.

The PEG-6000 supernatant was applied to the column with

gravity flow and the column was washed with 4 liters of the

same buffer used for equilibration until the absorbance of

the eluate at 280 nm became negligible. The enzyme was

eluted from the column by applying deionized water and the

fractions were subjected to enzyme assay, absorbance reading

at 280 nm and conductivity analysis. The fractions contain-

ing LCAT activity were pooled and diluted with deionized

water until the conductivity of the pool was less than 2 x

103 pmho. This DDA pool was used for the next step without

further treatment.

DEAE-agarose chromatography.--The DDA pool was allowed

to enter a DEAE-agarose column (2.5 x 50cm) which was

previously equilibrated with 5 mM sodium phosphate buffer

pH 7.4. The column was washed sequentially with 500 ml of
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equilibration buffer two liters of 0.045 M NaCl in 5 mM

sodium phosphate, pH 7.4, 500 ml equilibration buffer, two

liters of 1 percent Triton X-100 in 5 mM sodium phosphate

buffer, pH 7.4 and again with equilibration buffer until

absorbance at 280 nm was less than 0.01. The enzyme frac-

tion was eluted with 0.3 M NaCl in 5 mM sodium phosphate

buffer, pH 7.4 with a flow rate of 80 ml per hour.

HDL-agarose chromatography. -- HDL-agarose was prepared

according to Akanuma and Glomset (1). Human HDL was coupled

to Sepharose 4B using the method by March and others (14).

Conductivity of DEAE-agarose pool was adjusted at 25-28 x 10

ymho with 5 M NaCl. The sample was allowed to enter the

column (2.5 x 150cm) which was previously equilibrated with

0.3 M NaCl in 5 mM sodium phosphate buffer, pH 7.4. Next,

the column was washed with the same buffer as used for

equilibration until the absorbance at 280 nm became less

than 0.01. The enzyme fraction was eluted with deionized

water.

Hydroxylapatite chromatography. -- A hydroxylapatite

column (2.5 x 20cm) was equilibrated with 1 mM sodium

phosphate, pH 7.4. The enzyme pool from HDL-agarose column

which was previously concentrated up to 1 ml and dialized

against 1 mM sodium phosphate at 4 C overnight was applied

to the column. The enzyme was eluted with 200 ml of 1 mM
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sodium phosphate buffer, pH 7.4 at a flow rate of 20 ml/hr.

The column was then washed extensively with 0.2 M sodium

phosphate buffer prior to equilibration.

Antibody-agarose chromatography.--An immunoaffinity

column to remove persistent contaminants from the prepara-

tion was prepared according to a scheme discussed separately

(see below). The column (1 x 20cm) was equilibrated with

6 mM sodium phosphate buffer, pH 7.4. The enzyme pool from

hydroxylapatite column which was previously concentrated up

to 1 ml with vacuum dialysis and dialyzed against 5 mM sodium

phosphate, pH 7.4 at 4C overnight was applied to the column.

A single peak of LCAT activity emerged from the column (flow

rate; 15 ml/hr) coinciding with a peak of absorbance at

280 nm when the column was washed with 100 ml of 5 mM sodium

phosphate buffer, pH 7.4. Following the elution of the LCAT

containing fraction, the column was washed with 50 mM tri-

ethylamine (TEA) each time prior to equilibration.

Preparation of HDL Substrate and Enzyme Assay

HDL was prepared as described previously (8). An HDL

solution, containing 50 mg of apolipoproteins, was mixed with

10 ml of an emulsion of [1,2- 3 H]-cholesterol (5 iCi/ml) in

10 percent (w/v) fatty acid free BSA (12). To this emulsion,

a solution of BSA in buffer was added to achieve a final

volume of 100 ml, a final BSA concentration of 2 percent (w/v)

-
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and a final buffer concentration of 0.01 M Tris, 0.005 M

EDTA, 0.15 M NaCI and 0.005 M -mercaptoethanol and a final

pH of 7.2.

LCAT assays were conducted using a modified procedure

of Glomset and Wright (6). Sample of 5-10 microliters con-

taining 0.02-0.5 }ig of LCAT were incubated with 200 il of the

HDL substrate at 37 C. The reaction time was adjusted so

that initial rates (not exceeding 5 percent esterification)

were obtained. Assays were performed in duplicate yielding

an average error of less than 5 percent. The assay mixture

contained approximately 740,000 dpm/ml amounting to a

cholesterol concentration of 0.036 nmol/ml. At the end of

the incubation period, the reaction was stopped by the addi-

tion of chloroform:methanol (2:1, v/v). The lipid extract

of assay mixture was heated for 15 minutes at 60C and

filtered on a 30-ml coarse sintered glass funnel. The

residue was washed twice with 2 ml of chloroform:methanol

(2:1, v/v) and then evaporated under a nitrogen stream. The

dry residue was dissolved in a small amount of chloroform

and evaporated again. The lipids were finally dissolved in

30 p4 of n-heptane and applied to silica gel sheet (20 x 20cm)

with a plastic backing for thin layer chromatography (TLC).

TLC was carried out in a solvent mixture petroleum ether:

diethyl ether:acetic acid (90:10:1, v/v/v). Staining was

accomplished by exposing the air-dried plate to iodine vapors.

After evaporation of the excess iodine, the zones containing

- - arkte ,Afr, ,;ru2ir> w -a:Tlha va' ..- ...
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cholesterol and cholesteryl esters were cut out of the

plate and placed in scintillation vials for counting

radioactivity. The radioactive zones containing cholesteryl

esters were analyzed and the percent esterification estab-

lished for each assay. The rate of esterification was com-

puted as a product of the percent esterification/hr and the

unesterified cholesterol concentration present in the sample.

Protein Determination

The determination of protein concentration was carried

out as described by Bradford (2) using fetuin as a standard.

Preparation of the Antibody-Agarose Column

The last stage of the purification procedure involved

an immuno adsorption step using antibody against the most

persistent contaminant, apolipoprotein AI(apo-AI) in the

highly purified LCAT preparation. Most of the apo-AI, which

is closely associated with the LCAT molecule, could be

removed at the hydroxylapatite chromatography step even

though small amount of apo-AI remained in the enzyme pool.

When the HDL-agarose pool which contained mainly LCAT, apo-AI

and serum albumin by urea gel electrophoresis was applied

to the hydroxylapatite column, 1 mM sodium phosphate wash

(enzyme containing fraction) contained LCAT and apo-AI arnd 0.:2

M sodium phosphate wash (contaminant containing fraction)

showed serum albumin and apo-AI on the urea gel electrophoresis.

AlAwmapsawavow w"VAN"m
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Consequently, the 0.2 M sodium phosphate wash in the

hydroxylapatite step was chosen as an antigen. The antigen

was passed through a human anti LCAT-agarose column to

remove any residual LCAT in the antigen. Two mg of the

antigen was injected into two rabbits subcutaneously. Two

additional booster injections of 1 mg of antigen were given

at 2 week intervals and blood for antisera was drawn by

cardiac puncture starting at 6 weeks. These pooled antisera

were treated with ammonium sulfate (33 percent, w/v) to

obtain a crude immunoglobulin (IgG). The crude IgG precipi-

tates were dissolved in and dialyzed against 0.3 M NaCl in

5 mM sodium phosphate buffer, pH 7.4. Antibody against apo-AI

was purified as follows. The crude IgG was subjected to serum

albumin-agarose column chromatography which was made by hog

serum albumin (Sigma Chemical Co.) coupled to sepharose 4B to

remove antiserum albumin. Antiserum albumin free IgG was

passed through the antigen-agarose column which was made by

antigen coupled to Sepharose 4B. Antibody against apo-AI was

eluted from the column with 50 mM triethylamine after exten-

sive washing the column with 5 mM sodium phosphate, 0.3 M

NaCl, pH 7.4. IgG fraction from the antigen-agarose column

showed single precipitin line with the hydroxylapatite pool

and no precipitin line with hog serum albumin in the

immunodiffusion experiment. The antibody was immobilized by

coupling to CNBr activated agarose beads. This general
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procedure was repeated to increase the capacity of the

antibody column as shown in Figure 2.

Analytical Gel Electrophoreses

Polyacrylamide gel electrophoreses were carried out in

the presence of both 0.1 percent (w/v) sodium dodecyl sulfate

(SDS) and 7 M urea according to the method described by

Maizel (13) and Kane (10), respectively.

Molecular Weight Determination

Molecular weight of hog plasma LCAT was determined by

polyacrylamide gel electrophoresis (7.5 percent, w/v) in the

presence of 0.1 percent (w/v) sodium dodecyle sulfate (13)

as described by Weber and others (24). Phosphorylase b,

bovine serum albumin, ovalbumin, carbonic anhydrase, soybean

trypsin inhibitor and a-lactalbumin were used as standards.

Relative mobilities were calculated by dividing distance

of protein migration by distance of tracking dye migration.

The distance of migration for each protein was measured by

the gel scanning apparatus (Helena Lab.). The molecular

weight of hog LCAT was also determined by high performance

liquid chromatography (HPLC, ISCO Model 2300) using gel

filtration columns (LKB 2135 UltroPac TSK G2000SW and Ultro-

Pac TSK 4000SW). These experiments were conducted with

three different preparations of LCAT for each of the two

methods.



0.2 M sodium phosphate wash
in the hydroxylapatite step
(serum albumin and apo-AI)

Emulsified with
Freund's complete adjuvant

Injected into rabbit

checked antibody titer
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Ammonium sulfate

precipitation

Crude immunoglobulin fraction

Serum albumin-agarose
column chromatography

Anti-serum albumin free
immunoglobulin fraction

Antigen-agarose
chromatography

Antibody against apo-AI

Coupled to CNBr-activated
sepharose 4B

Antibody-agarose column

Antibody-agarose column
chromatography with
hydroxylapatite pool

Eluted with 5 mM Eluted with 50 mM
sodium phosphate triethylamine

pH 7.4

Pure LCAT Pure apo-AI

Fig. 2--A flow chart of preparation of antibody-agarose column.
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Deglycosylation of Hog LCAT

The oligosaccharides of hog LCAT were depleted by two

different methods; chemical and enzymatic deglycosylations.

It has been shown that trifluoromethanesulfonic acid (TFMS)

efficiently cleaves the carbohydrate moiety of glycoproteins

(4). One ml of anisole and 2 ml of TFMS were mixed in a

glass tube with a Teflon-lined screw cap tube and cooled to

0C. One mg of lyophilized LCAT was dissolved in 200 ml of

this mixture in a small screw cap tube and nitrogen was bub-

bled through the solution for 30 seconds using capillary tube

followed by magnetic stirring with a small stirring bar at room

temperature for 1 hour. The deglycosylated protein was freed

from reagents and low molecular weight sugars as followed;

the reaction mixture was diluted with a two-fold excess of

diethyl ether cooled to -40C. To the clear solution, an

equal volume of ice-cooled 50 percent (v/v) aqueous pyridine

was added and vortexed. The ether phase was removed and

discarded. After repeating the ether extraction 3 times, the

combined aqueous portions were dialyzed overnight against 4

liters of 2 mM pyridine acetate buffer, pH 5.5.

Endo-13-N-acetylglucosaminidase H (Endo-H) is an enzyme

which is responsible for the removal of asparagine linked

high mannose type of oligosaccharide chain from the protein

moiety of a glycoprotein without damage to either

oligosaccharide or protein (21, 22). After completion of
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chemical deglycosylation, the lyophilized enzyme was sub-

jected to the enzymatic digestion of the asparagine linked

high mannose type oligosaccarides which may not be cleaved by

the chemical deglycosylation. The reaction mixture for the

digestion contained 0.05 M sodium citrate, pH 5.5, 0.1 M

3-mercaptoethanol, 0.2 percent sodium dodecyl sulfate, 1 mM

phenylmethylsufonylfluoride (PMSF) and 0.1 unit of Endo-H.

Before incubation, the enzyme was denatured by heating for

2 minutes in the boiling water bath and the SDS concentration

was diluted by adding 250 pl of 50 mM sodium citrate, pH 5.5

before adding Endo-H. The reaction mixture was incubated at

37*C in the shaking water bath for 4 hours. The

deglycosylated enzyme was isolated by using a Sephadex G-100

column (0.9 x 135cm) at room temperature equilibrated in

and eluted with 20 mM Tris-HCl, 0.1 M NaCl and 0.05 percent

SDSpH 7.1. Polyacrylamide gel electrophoresis was con-

ducted to check the molecular weight difference between

before and after treatments.

Carbohydrate Analyses

Determination of total hexoses was based on the forma-

tion of furfural derivatives in concentrated sulfuric acid

which react with anthrone reagent to form a blue green color

(16). An equimolar mixture of D(+)-mannose and D(+)-

galactose were used as standards and calf serum fetuin was

employed as a glycoprotein standard in order to correct for

m
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the recovery of carbohydrate residues. Calf serum fetuin

and LCAT were subjected to identical experiment conditions.

Anthrone reagent was prepared as described by Spiro (20).

The reaction was carried out on standards and LCAT contain-

ing 20-200 pg of hexose in 1 ml of water. A 5 ml aliquot of

the cold anthrone reagent was added to each sample and the

tubes were shaken vigorously to ensure complete mixing and

heated in a boiling water bath for 15 minutes. After the

tubes were cooled in a water bath for 20 minutes, the

absorbance was determined at 620 nm. A 1 ml aliquot of

water was used as a blank.

Mild acid hydrolysis from glycoprotein was required

prior to the colorimetric determination of hexosamine and

sialic acid. The hexosamine of LCAT and fetuin was liberated

by 4 N HCl at 100*C for 6 hours. The hydrolysates were then

lyophilized to remove HCI and redissolved in deionized water.

The neutralized samples were applied to a Dowex 50W-X8 column

(+H form, column size; 0.5 x 5cm) that was subsequently

washed with 30 ml of deionized water and the hexosamines

were eluted with 1.5 M NH4 OH. The eluates were lyophilized

to remove NH4OH and then were redissolved in deionized water.

The liberated hexosamine from both LCAT and fetuin were sub-

jected to colorimetric determination as described by Johnson

(9) using glucosamine-HCl as a standard.
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Quantitation of sialic acid was conducted as described

by Skoza and Mohos (19). Sialic acid of LCAT and fetuin

was liberated by hydrolyzing 0.2 ml of sample (10-50 pg of

protein in 5 mM sodium phosphate buffer pH, 7.4) at 80C for

60 minutes in 0.025-0.05 M H 2SO4 (final concentration). To

ensure that the pH of the hydrolysis solution is between 1.6-

2.0 (pH of 0.025-0.05 M H2 SO4), the appropriate amount of

0..5 M H2 S04 was previously determined by adding increasing

amount of 0.5 M H2SO4 to 5 mM sodium phosphate buffer, pH 7.4.

After hydrolysis, samples were cooled in an ice bath and let

stand at room temperature for 30 minutes. A chromophore was

generated as followed. To each tube, 50 pl of 25 mM sodium

periodate in 62.5 mM H2SO4 was added to each tube and mixed

at 37*C for 30 minutes. The reaction was quenched by adding

5 pl of 2 percent arsenite in 0.5 M HCl and then 100 pl of

6 percent thiobarbituric acid was added and vortexed. The

tubes were heated in 100C water bath for exactly 7.5 minutes

and cooled at room temperature. After which, 400 p1 of

dimethylsulfoxide was added to each tube and centrifuged to

remove insolubles. The absorbance of the supernatant was

measured at 549 nm. N-acetyl-neuraminic acid was used as a

standard and calf serum fetuin was employed as a glycoprotein

standard.
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Amino Acid Analysis

Purified LCAT samples (5-10 pg) were dialyzed against

dionized water for 24 hours at 4*C, and then lyophilized.

Hydrolysis was carried out under vacuum in 6 N HCl for 24,

48, and 72 hours at 110*C. The hydrolysates were dried in

the presence of P205 and NaOH and redissolved in 0.2 M

sodium citrate, pH 2.0. The amino acid analyses were per-

formed in a Durrum Amino Acid/Peptide Analyzer equipped with

a Dionex DC 4A-column (3mm x 30cm). The amino acids were

eluted sequentially with 0.2 M sodium citrate, pH 3.25, 0.2

M sodium citrate, pH 4.25 and 1.0 M sodium citrate, pH 7.4.

Gilson Spectra-Glo Filter Fluorometer was used as a detector

using 0-phthaldialdehyde fluorescent reagent in sodium

borate buffer, pH 10.4 containing 3-mercaptoethanol and

detergent (Brij). The number of residues of each amino acid

was calculated based on the recovery of an internal standard

( norleucine) which was added to each sample prior to

hydrolysis and also on external standards which were composed

of known concentration of all amino acids. Tryptophan was

determined in a separate experiment using 3 N mercaptoethane-

sulfonic acid (15). Half cystine was determined as cysteic

acid following performic acid oxidation as described by

Hirs (7).



29

DTNB Titration

The sulfhydryl groups of hog LCAT were titrated with

DTNB with respect to time as essentially described by Kemp

and Forest (11). The rate was followed at 412 nm with

Cary 210 spectrophotometer from Varian using double beam

to calculate the absorbance difference between the blank

and the reaction mixture. Titrations were performed in

0.3 M sodium phosphate buffer, pH 8.0 in the presence or

absence of 2 percent sodium dodecyl sulfate. The extinction

coefficient of thionitrobenzoic acid ion at 412 nm (13.6 mM~1

cm-1) (5) was used to calculate the number of reactive sul-

fhydryl groups per mole of the enzyme.

Isolation of HDL b Using a Traditional Method
and by Anti-Apo AI Column Chromatograph

HDL was isolated by two different methods for the com-

parative study. Traditional method for the isolation of HDL

was carried out as described by Rudel and others (17). Fresh

blood was collected from local slaughter house and mixed

with EDTA (final concentration, 2.6 mM). Plasma was isolated

immediately after blood collection by centrifugation at 1000

g at 15*C for 15 minutes. The density of the plasma was

then raised to 1.225 by adding solid KBr (0.3517 g of KBr/ml

of plasma). Aliquots of 8 ml of the d 1.225 plasma were

placed in SW 40 ultracentrifuge tubes and overlayered with

d 1.225 solution. Tubes were centrifuged in a Beckman SW 40

:<_ _.
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swinging-bucket rotor for 40 hours at 15*C at 40,000 rev./

min. in a Sorvall OTD 65B ultracentrifuge. After centrifuga-

tion, the top 1 ml containing the lipoprotein concentrate

was carefully removed from the tube with a capillary pipette.

The lipoprotein fraction was concentrated up to 2 ml with

Aquacide 1-A (Calbiochem-Behring Corp.) and dialyzed against

0.15 M NaCl, 0.01 percent EDTA, pH 7.0, overnight. The sample

was applied to Bio-Gel A-5m (Bio-Rad, 200-400 mesh) column

(1.5 x 90cm) which was previously equilibriated with 0.15 M

NaCl, 0.01 percent EDTA, pH 7.0. Each lipoprotein was

fractionated by eluting with same buffer at a flow rate of

15 ml/hr and 2 ml-fractions was collected.

Another method used for the isolation of HDL was anti-

apo AI column chromatography. An anti-apo AI column was prepared

as described earlier for the last step of LCAT purification.

The column was equilibrated with 0.3 M NaCl, 5 mM sodium

phosphate buffer, pH 7.4. Fresh plasma with conductivity

adjusted to 25-28 x 103 pmho was loaded on the column. The

column was washed extensively with the same buffer as used

for equilibration and the HDL fraction was eluted with 50 mM

triethylamine. The HDL fraction was concentrated with

Aquacide 1-A and dialyzed against 5 mM sodium phosphate

buffer, pH 7.4. The sample was then applied to anti-hog

serum albumin agarose column which was made by coupling

,. ",__ : u .z.
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anti-hog serum albumin to CNBr-activated Sepharose 4B.

Purified HDL was concentrated and dialyzed against 5 mM

sodium phosphate buffer, pH 7.4.

Cholesterol Determination

Enzymatic kits from Boehringer-Mannheim colorimetricc

determination) were used to quantitate the total cholesterol,

esterified cholesterol and free cholesterol in all HDL

solutions. Cholesterol stock solution (Sigma Chemical Co.)

was used to standardize the method.

Phospholipid Determination

Determination of phospholipids (colorimetric method)

in HDL was carried out as described by Sandhu (18). The

chromogenic solution was made according to the formulation

of Vaskovsky and Kostetsky (23). L-a-phosphatidylcholine

(no. p-5 3 8 8 , type III-C, hexane solution, 100g/liter, Sigma

Chemical Co.) was used as a phospholipid standard. To calculate

the analytical recovery of lecithin, a known amount of lecithin

was added to standard serum sample (American Hospital Supply

Corp., Miami, Fl.) and the same experimental procedures were

conducted with lecithin standard and the unknown HDL samples.

Triglyceride Determination

Enzymatic kits from Boehringer-Mannheim were used to

determine the triglycerides content of the HDL (colormetric
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method). A triglyceride aqueous standard (Sigma Chemical

Co.) was used as a standard.
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CHAPTER III

RESULTS

Part 1: Purification and Characterization
of Hog LCAT

Purification of LCAT from Hog Plasma

Step 1. PEG-6000 treatment.-- It has been established

that polymers such as heparin, dextran sulfate (charged

polymer), dextran, polyethylene glycol (neutral polymer)

precipitate lipoproteins selectively (1, 5, 7). Charged

polymers tend to form molecular complexes with lipoproteins,

especially in the presence of divalent cations. Iverius and

Laurent (4) reported that prebeta (VLDL) and beta-lipopro-

teins (LDL) begin to precipitate from the plasma at a con-

centration of 4 percent PEG-6000, but alpha-lipoproteins

(HDL) are not precipitated at 15 percent PEG-6000. This

difference led to fractionation of HDL-LCAT complexes from

VLDL and LDL at the early stage of the purification pro-

cedure. Six percent PEG-6000 (w/v) precipitated VLDL and

LDL fairly effectively without altering enzyme activity.

As much as 94 percent of the LCAT activity in the plasma

was recovered from the PEG-6000 supernatant.

Step 2. DDA-agarose chromatography.--In this step of

the purification, the hydrophobic affinity between HDL-LCAT

35
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complex and immobilized HDL was used by varying the ionic

strength of the elution buffer. The elution patterns of the

enzyme and contaminants are shown in Figure 3. In the

presence of 0.3 M NaCl, the contaminating plasma proteins

were well separated from the enzyme fraction which was sub-

sequently eluted by deionized water. A 43 fold of purifica-

tion could be achieved in this step leaving mainly the HDL

and LCAT in the enzyme pool. The LCAT molecules are

apparently associated with HDL molecules under these condi-

tions and this may prevent the loss of activity from possible

denaturation by exposure to a buffer containing high con-

centration of salt (3). The operation of this column was

quite simple and efficient since no further treatment of

the enzyme pool such as concentration and/or dialysis was

required to prepare the enzyme for the next step of the

purification.

Step 3. DEAE-agarose chromatography.--After applica-

tion of the DDA-agarose pool to the DEAE-agarose column, the

column was washed with a buffer containing 0.045 M NaCl to

remove a major portion of the protein contaminants. The

bulk of the lipids in the HDL-LCAT complex were removed by

washing the column with 1 percent Triton X-100 in 5 mM

sodium phosphate buffer, pH 7.4. This delipidation on the

column saved considerable amount of time and effort compared

to the method using organic solvents (2). Triton X-100
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appears to suppress LCAT activity. However, the suppressed

enzyme activity seems to be regained in the next step of

the purification. The enzyme fraction was eluted with 5 mM

sodium phosphate buffer containing 0.3 M NaCl, pH 7.4

(Figure 4). A linear salt gradient did not separate the

enzyme as effectively as the stepwise elution procedure.

The stepwise elution gave a very sharp absorbance peak at

280 nm so that no concentration of the enzyme pool was

required for the next step of the purification. The enzyme

pool of this chromatographic step contained mainly LCAT,

serum albumin and apo-HDL as judged by polyacrylamide gel

electrophoresis in the presence of 7 M urea.

Step 4. HDL-agarose chromatography.--In this step of

purification, the reversible affinity between HDL and LCAT

molecules was utilized for the purification. In the presence

of 0.3 M NaCl, the immobilized HDL bound the LCAT molecules

fairly selectively and elution of the enzyme fraction was

accomplished by the lowering of the ionic strength using

deionized water as the eluent. The chromatographic pattern

is presented in Figure 5. The majority of the apo-HDL and

serum albumin were eliminated with the high ionic strength

buffer wash, while only a small amount of apo-AI, CI, CII,

CIII and serum albumin were released upon lowering the

ionic strength. Most of the suppressed enzyme activity

observed in the DEAE-agarose step appeared to be recovered

, .. ,
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following the HDL-agarose chromatography. This is apparently

because the enzyme molecules are no longer in the presence

of Triton X-100 and are in a low ionic strength buffer (see

Table I on page 48).

Step 5. Hydroxylapatite chromatography.--Prior to the

equilibration, the hydroxylapatite was removed from the

column and suspended in 1 liter of 0.2 M sodium phosphate

buffer, pH 7.4 in the graduate cylinder. The slurry was

shaken gently for 10 minutes and allowed to sediment. The

fine particles in the buffer layer were removed and the

column material was resuspended in deionized water. This

procedure was repeated 3 times and the hydroxylapatite was

packed into the column under gravity. All buffers used in

this step were degassed because CO2 in the buffer may inter-

fere with the operation of the column. When the concentra-

ted and dialyzed HDL-agarose pool was applied to the column

and washed with 1 mM sodium phosphate buffer, pH 7.4, a

single sharp absorbance peak at 280 nm appeared immediately

following the application of the sample. A broad peak with

a strong absorbance at 280 nm was eluted when the column

was washed with 0.2 M sodium phosphate buffer, pH 7.4

(Figure 6). More than 80 percent of LCAT activity applied

to the column emerged in the early peak. The material from

this early peak exhibited 2 bands (LCAT and apo-AI) when

20 pg of the pooled proteins were subjected to urea gel



42

rd

41

r-

1-00

(SOHVW OU3IW OLx) AIIAIi3nflOQ3 cocc - -i~

(t.I~L.JH) c3I1I83LS3 1OU3LS31OH3 JO S31OVJ U

cci 0

00

co wrw

o

4-

cc

HO

O z X I

N C -1-
00

0 0-

-d <

-- rd <I

I '

raj ..

0 E O :> >~+
-r-
>1 CV

Q 
-r 0 4

E -1-

rd r
-ir-



43

electrophoresis. This preparation was tested in gel dif-

fusion at a protein concentration of 0.6-0.8 mg/ml against

anti-hog serum albumin. No serum albumin could be detected

in this preparation (the lower limit of immunodiffusion

analysis is 2 pg of protein per mililiter). On the other

hand, the sample from the later peak cross-reacted strongly

with anti-hog serum albumin and antiserum against apo-AI.

On the urea gel, it showed strong serum albumin and apo-

AI bands with minor apo-CI, CII and CIII bands.

Step 6. Anti-apo AI agarose chromatogra.--Enzyme

pool from hydroxylapatite chromatography was concentrated

and dialyzed against 5 mM sodium phosphate buffer, pH 7.4

prior to application to the immunoadsorbent column. A

single peak of LCAT activity appeared with an absorbance

peak at 280 nm immediately after the column was washed with

5 mM sodium phosphate buffer, pH 7.4. No other absorbance

at 280 nm was detected even with extensive washing of the

column with 5 mM sodium phosphate buffer, pH 7.4. When

50 mM triethylamine was applied to the column, a single

absorbance peak at 280 nm appeared (Figure 7). This tri-

ethylamine wash was found to be pure apo-AI as judged by

urea gel electrophoresis and cross reaction with anti-apo

AI in the immunodiffusion experiment.

I wamomm"." I -- I-- --- -- - ww.*Wmmp w
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Efficiency of the Purification
Procedure

The enzyme prepared by the procedure described was

consistently homogeneous by polyacrylamide gel electro-

phoresis in the presence of both 0.1 percent sodium dodecyl

sulfate and 7 M urea (Figure 8). In addition, this pre-

paration was also found to be free of serum albumin and

apoproteins as demonstrated by immunodiffusion experiments

using anti-hog serum albumin and antiserum against hog apo-

Al. Table I shows the yield and the degree of purification

obtained with the purification procedure described. Gener-

ally up to 1.0 mg of enzyme could be obtained from about 2

liters of plasma with an approximately 30,000-fold increase

in specific activity. Each step of this procedure was

highly reproducible over a six-month period and the whole

purification procedure could be finished in less than two

weeks.

Properties of the Enzyme

Molecular Weight of the Enzyme

Figure 9 shows semilogarithmic plot of molecular weight

versus distance migrated of proteins for determining molecular

weight by polyacrylamide gel electrophoresis in the presence

of 0.1 percent (w/v) sodium dodecyl sulfate. The apparent

molecular weight of the purified hog LCAT was 66,000 + 3000

which is in good agreement with the molecular weight deter-

mined by HPLC. The molecular weight of polypeptide moiety

.................
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.iNa-

A B

Fig. s--Polyacrylamide gel electrophoreses of purified

LCAT. The gel was loaded with 20 pg of protein and

electrophoreses were carried out in the presence of 0.1 per-

cent (w/v) sodium dodecyl sulfate (A) and 7 M urea (B).
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10
9

8 Hog LCAT (66,000)

? Chemically Deglycosylated Hog LCAT (59000)

6 ~-Chemically and Enzymatically Deglycosylated

5 Hog LCAT (52,000)

4 4
J

J 3
0

2

0.2 0.4 0.6 0.8 1.0

RELATIVE MOBILITY (RF)

Fig. 9--Determination of molecular weight of purified

LCAT by polyacrylamide gel electrophoresis (7.5 percent w/v)

in the presence of 0.1 percent (w/v) sodium dodecyl sulfate.

The standard proteins used were phosphorylase b (93,700)

bovine serum albumin (67,000), ovalbumin (43,000), carbonic

anhydrase (30,000), soybean trypsin inhibitor (20,100) and

a-lactalbumin (14, 400) (from left to right).



49

of hog LCAT was determined to be approximately 52,000,

which is 78.8 percent (w/w) of intact enzyme. The carbo-

hydrate content determined by chemical and enzymatic

deglycosylation studies showed good agreement with the

results of carbohydrate analyses (21.4 percent) as will

be shown later.

Amino Acid Composition of the Enzyme

The results of the amino acid composition analysis of

the purified enzyme are shown in Table II. The molecular

weight of the polypeptide moiety of hog LCAT (52,000) was

obtained by subtracting the weight of carbohydrate moiety

(21.4 percent, w/w; Table III) from 66,000 and by chemical

and enzymatic deglycosylation studies determined by poly-

acrylamide gel electrophoresis in the presence of 0.1 per-

cent sodium dodecyl sulfate (Figure 9). The enzyme showed

a relatively high content of aspartic acid, glutamic acid,

glycine and leucine. The total number of 459 residues per

mole of hog LCAT polypeptide (excluding proline) was found.

The mean residue weight was calculated to be 115.8.

Deglycosylation of the Enzyme

The molecular weight of chemically deglycosylated

enzyme using trifluoromethanesulfonic acid (TFMS) was deter-

mined to be 59,000 daltons by the sodium dodecyl sulfate-

polyacrylamide gel electrophoresis. After the chemically
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deglycosylated enzyme was digested with Endo- -N-acetyl-

glucosaminidase H, a molecular weight of 52,000 was obtained

(Figure 9). The deglycosylated enzyme showed essentially

no carbohydrate as determined by total hexose analysis.

The molecular weight difference before and after TFMS

treatment of the enzyme was 7,000 and that before and

after Endo-H digestion of the chemically deglycosylated

enzyme was also 7,000. The total molecular weight differ-

ence (14,000) between the intact enzyme and the degly-

cosylated enzyme was 21.2 percent (w/w), which agrees

well with the carbohydrate content determined chemically

(see below).

Carbohydrate Composition

Table III shows the carbohydrate composition of hog

LCAT and that of human LCAT. Hog LCAT has a relatively

large carbohydrate content as followed: hexoses 11.3

percent; hexosamines 8.2 percent; and sialic acids 1.9

percent (w/w). Total content of carbohydrates (21.4

percent, w/w) in hog LCAT is in good agreement with the

results from the deglycosylation studies which shows

14,000 molecular weight difference (21.2 percent of total

molecular weight, 66,000) between before and after de-

glycosylation. The colorimetric methods employed for the

carbohydrate determinations were highly sensitive and

reproducible so that over 90 percent of the carbohydrate
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was recovered after chromogenic reaction based 
on the re-

covery from a standard fetuin sample.

TABLE III

CARBOHYDRATE COMPOSITION OF HOG AND HUMAN LCAT

Contents (%, w/w)

Composition
Hog Human

Polypeptide 78.6 75.4

Carbohydrate 21.4 24.6

Hexoses 11.3 13.0

Hexosamines 1.9 6.2

Sialic Acids 8.2 5.4

*Values are from Chong, K. S. and others (1983) Can. J.

Biochem. Cell Biol. 61:875-881.

Sulfhydryl Groups of the Enzyme

Figure 10 shows a time course of the DTNB titration 
of

hog LCAT at pH 8.0 in the presence and absence of sodium

dodecyl sulfate. The number of titrable sulfhydryl group

was approximately 1 residue per mole of LCAT under the

native condition and 4 residues per mole of LCAT under the

denaturing conditions. Performic acid oxidation data

showed that hog LCAT contains 4 half-cystine residues per

mole of LCAT (Table II). Consequently, it is apparently un-

likely that hog LCAT contains a disulfide bond. One residue
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Fig. 10--DTNB titration of purified LCAT. Reactions

were carried out in the presence (dotted line) and absence

(solid line) of 2 percent (w/v) sodium dodecyl sulfate at

22 C. Reaction mixture (1 ml) contained 1 mM DTNB, 0.1 M

sodium phosphate, pH 8.0 and 75 p g of enzyme.
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under the native condition and four residues under the de-

natured condition of titrable sulfhydryl groups indicates

that only 1 free sulfhydryl group is exposed and 3 sulf-

hydryl groups are shielded so that those buried sulfhydryl

groups are not readily accessible to the DTNB in aqueous

solution.

Part 2: Isolation of Hog HDL by Traditional
Method and by Anti-Apo AI Column

Chromatography

Figure 11 shows the chromatographic pattern for the

isolation of hog HDL by using a traditional method (6).

The lipoprotein fraction was obtained by ultracentrifuga-

tion as described in the methods. When the lipoprotein

fraction was applied to a Bio-Gel A 5m column, 3 distinct

absorbance peaks at 280 nm emerged which correspond to

VLDL, LDL and HDL.

Figure 12 shows the chromatographic pattern for the

isolation of hog HDL by using anti-apo AI column. Since apo-

AI is the predominant protein on the surface of HDL, hog HDL

was tightly bound to the immobilized anti-apo AI when whole

plasma was applied to the column. Hog HDL eluted with tri-

ethylamine from the anti-apo AI column was passed through

the anti-hog serum albumin column to remove serum albumin,

which was eluted with triethylamine. Following the anti-hog

serum albumin chromatography, hog HDL showed no cross-reaction

with anti-hog serum albumin in the immunodiffusion experiment.
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Table IV shows the composition of the HDL isolated by

the two different methods. Protein content of the HDL from

anti-apo AI column was significantly higher than that from

the Rudel method. Analytical gel electrophoresis in the

presence of 7 M urea shows at least 2 more protein components

in HDL from the anti-apo AT column (Figure 13).
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A B

Figure 13 - SDS-polyacrylamide gel electrophoresis

of the HDL isolated by anti-Apo AT column chromatography
(A) and by traditional method (B).



CHAPTER BIBLIOGRAPHY

1. Burstein, M. and Scholmick, H. R. (1973) Advance in Lipid.
Res. 11:67.

2. Chong, K. S., Davidson, L., Huttash, R. G. and Lacko,
A. G. (1981) Arch. Biochem. Biophys. 211:119-124.

3. Doi, Y. and Nishida, T. (1981) Methods in Enzymol. 71:753.

4. Iverius, P. H. and Laurent, T. C. (1967) Biochem. Biophys.
Acta. (Amst.) 133:371.

5. Iverius, P. H. (1968) Clin. Chem. Acta. 20:261.

6. Rudel, L. L., Lee, J. A., Morris, M. D. and Felts, J. M.
(1974) Biochen. J. 139:89-95.

7. Vi-ikari, J. (1976) Scand. J. Climb. Lab. Inves. 36:265-268.

61



CHAPTER IV

DISCUSSION

Purification of the Enzyme

This study represents the first report of preparation

of lecithin:cholesterol acyltransferase in the homogeneous

state from hog plasma. A highly efficient purification

procedure is described that yields milligram quantities of

the enzyme.

The purification procedure described here has a number

of advantages over many published procedures for the prepara-

tion of the human enzyme. The biggest advantage of purifica-

tion of the enzyme from the hog plasma is the almost unlimited

availability of the plasma. Hog blood can be readily obtained

from a slaughter house in large quantities without cost. The

present purification procedure involves no ultracentrifugation

which is time consuming and limits the amount of starting

sample. The delipidation method used in this study is quite

simple and it eliminates the concentration step before

delipidation and the dialysis step after the delipidation

procedure. Although the delipidation using Triton X-l00 while

the enzyme is bound to the DEAE-agarose column appears to

suppress the enzyme activity, it has been demonstrated that

there is apparent recovery of the enzyme activity in the next

62
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step of the purification (see Table I) . This procedure

also involves a minimum number of dialysis and concentra-

tion steps so that the whole procedure can be completed

within two weeks. The amount of starting material used

for the purification can be easily increased by scaling up

the dimension of the columns used in each step respectively.

Since there were difficulties in collecting clear plasma

without hemolysis, highly effective purification steps were

required at the initial stages of the purification procedure.

The first two steps (PEG-6000 treatment and DDA-agarose

chromatography) removed the colored materials effectively

from the plasma resulting in the isolation of the HDL-LCAT

complex (8). These early steps require minimum labor and

can be further scaled up with ease. The majority of the HDL

components were effectively removed in the DEAE-agarose step

leaving mainly LCAT, serum albumin and some of apo-HDL in

the enzyme pool. In this step, the HDL-LCAT complex was

allowed to bind to the column in a low ionic strength medium

and then the lipid components of the HDL were removed with

nonionic detergent, Triton X-100. The dissociation of the

HDL components by this delipidation on the DEAE-agarose

column appears to generate different ionic binding properties

between the protein components of the HDL and the column.

LCAT molecules appear to bind tightly to the DEAE-agarose

column in the absence of the lipid constituents of HDL. A
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majority of the protein contaminants were eluted with low

ionic strength buffer followed by elution of the LCAT

molecules with high ionic strength buffer. The removal

of the bulk HDL in the DEAE-agarose step made it possible

to increase the efficiency of the HDL-agarose column which

was known to be otherwise easily overloaded. The column

size was designed to handle the amount of protein consis-

tently obtained from the DEAE-agarose step. Finally,

elimination of the remaining contaminants was accomplished

by the hydroxylapatite and anti-Apo AI agarose column

chromatography. The serum albumin in the HDL-agarose

pool was completely removed in the hydroxylapatite step. In

addition, all apoproteins except apo-AI could be removed in

this step. The apo-AI appears to be tightly associated with

the LCAT molecule which posed great difficulties in the final

stage of the purification. The elimination of apo-AI could

be achieved by the use of the antibody-agarose chromatography.

It was possible to gradually increase the capacity of the

antibody column as described in the methods so that the

removal of apo-AI from the hydroxylapatite pool could be

easily achieved. Other types of affinity column chromatog-

raphies were tested including Cibacrqn Blue-agarose,

phenylboronic acid-agarose, various lectin gels and human

anti-LCAT agarose column chromatography with little success.

The preparative gel electrophoresis also had some problems

. ,. rc ,.. ..
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even though it seemed to work reasonably well for separation

of these two proteins when a small amount of sample was

loaded on the gel.

Based on the specific activity expressed in nanomoles

of cholesterol esterified per hour per milligram protein,

the final purification of the enzyme was approximately

30,000-fold over the starting plasma with a 10 percent yield.

The highest fold purification of LCAT from human plasma which

has been reported is 20,000 (3).

The enzyme preparations throughout the procedure de-

scribed were fairly stable in the media used. The low ionic

strength buffers used at the final stage of the purification

apparently prevented the loss of activity in the high ionic

strength medium (5). The purified enzyme was stable at

least a month in the frozen state.

Properties of the Enzyme

Purified hog LCAT consistently migrated slightly ahead

of bovine serum albumin (MW of BSA is 67,000) on SDS-poly-

acrylamide gel electrophoresis. The molecular weight

determined by HPLC also showed a molecular weight of 66,000.

The determined molecular weight, 66,000, is nearly identical

to the molecular weight of human enzyme (67,000, 3). The

glycoprotein nature of LCAT has led to discrepancies in the

determination on accurate molecular weight of the polypeptide

moiety of the human enzyme (3). In this study, the carbo-
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hydrate moiety of hog LCAT was removed before determining the

molecular weight of the polypeptide moiety. This gives an

accurate molecular weight which is necessary for the further

study of the enzyme. The deglycosylated enzyme showed a

molecular weight of 52,000 which is identical to the number

obtained when the weight of carbohydrate is subtracted from

the total molecular weight of the intact enzyme (66,000).

In addition, these findings can initiate the study of the

role of carbohydrate moieties in the enzyme action and the

structural analysis of oligosaccharide chain in the LCAT

molecule.

It has been shown that diisopropyl fluorophosphate (DFP)

and DTNB inhibit the LCAT activity (4) and that hydrophobic

nature of amino terminal region may participate in the bind-

ing of the hydrophobic substrates although currently no

evidence is available to support this hypothesis (6). The

amino acid composition analysis showed that hog LCAT contains

23 serine, 21 tyrosine, 4 half-cystine and 30 tryptophan

residues per mole of the enzyme. Titration of sulfhydryl

groups with DTNB showed that one SH group of hog LCAT readily

reacts with DTNB under the native condition, indicating that

the SH group is located at the outer surface of the enzyme

molecule. This sulfhydryl group may be at or near the

active site of the enzyme since reaction of the SH-group

with DTNB results in loss of all enzyme activity in human

enzyme.
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Comparison of the Hog and Human LCAT

Table V compares the physicochemical parameters that

resulted from this study for the hog LCAT and from Chong and

others (3, 4) for the human enzyme. The molecular weight

of the enzyme from the two different species are nearly

identical. The molecular weight of the human enzyme has

been shown to be between 59,000 and 69,000 by many in-

vestigators. These differences could be the result of the

respective methods used for determining the molecular weight,

the purity of the enzyme or experimental error.

The amino acid composition of the hog enzyme was

generally similar to that of the human enzyme except for

the number of residues of lysine, glutamic acid, leucine

and tryptophan. There were appreciable differences in the

number of amino acid residues per mole of enzyme. The

number of amino acids per mole of hog enzyme was slightly

higher than that of human enzyme. This difference is due

to the difference in the molecular weight of protein moiety

of the enzyme used for the calculation of the amino acid

residue per mole of the enzyme. The molecular weight of

the polypeptide moiety of the human enzyme (45,000) was

calculated by subtracting the weight of carbohydrate

moiety (24.6 percent, w/w) from the molecular weight of

60,000 which was determined by sedimentation equilibrium

experiment in the presence of 6 M guanidine HCl. On the
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other hand, the molecular weight of polypeptide moiety of

hog enzyme (52,000) was directly obtained from SDS-poly-

acrylamide gel electrophoresis using the deglycosylated

enzyme obtained by the chemical and enzymatic cleavage of

carbohydrate moiety as described in the methods. To show

the similarity of the amino acid composition of the enzyme

from the two different species, the number of amino acid

residue per 100,000 g of protein is shown in Table V. A

more rigorous comparison of the amino acid composition of

the enzyme from the two different species is unlikely until

the complete sequences of amino acids are determined.

Hog LCAT contains a relatively high proportion of sialic

acids and lower amounts of hexosamines as compared to the

human enzyme. Since sialic acids are usually located at the

outer ends of branched oligosaccharide chain in glycoproteins,

the hog LCAT may be more branched than the human enzyme and

more negatively charged under in vivo conditions. This nature

of the enzyme may be physiologically significant if the carbo-

hydrate moiety of the enzyme is involved in the enzyme action.

It has been shown (6) that the treatment of human LCAT with

neuramidase enhances the enzyme activity.

The biggest difference between hog and human LCAT was

the nature of cysteinyl groups. No disulfide bond could be

detected in the hog enzyme, whereas the human enzyme was

shown to contain one disulfide bond. Likewise, there was

'Illlllw l lla ,;R
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one titrable sulfydryl group in hog enzyme under the native

condition while two were demonstrated in the human enzyme

with DTNB. The number of half-cystine residues in both hog

and human enzyme was 4 residues per mole of enzyme. These

differences may be due to the difference in species which

might be generated during the evolution.

This study presents the purification method and basic

properties of hog LCAT. This fundamental information could

provide the basis for the detailed study of the enzyme.

Further characterization has to be followed for the better

understanding of this enzyme such as amino acid sequencing,

studies on the chemical and kinetic mechanism of the enzyme,

the role of carbohydrate moiety on the enzyme action and

physiological function of the enzyme in the hog.

Comparison of the HDL Isolated by a Traditional
Method and by Anti-Apo AI Chromatography

HDL has been a strong focus of interest concerning

epidemiological studies of atherosclerosis in vitro.

Consequently, there have been consistent speculations whether

the HDL obtained by the method involving ultracentrifugation

is truly the same HDL molecule as is found in vivo. Indeed,

several investigators have reported (1, 2, 7) that apoprotein

AI and E are dissociated from the intact HDL molecule when it

is subjected to the high centrifugal forces. The preparation

of HDL by precipitation also causes a loss of apoproteins
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(11) and isolation of HDL by HPLC (9, 10) or exclusion

chromatography (12) requires a preliminary ultracentrifuga-

tion step. In addition, the experiments conducted in our

laboratory also demonstrated that most of the LCAT activity

is dissociated from HDL and is found in the infranatant

following ultracentrifugation of hog plasma. While in the

plasma the LCAT molecule is believed to be closely associ-

ated with HDL. Therefore, it appeared desirable to develop

an isolation method that yields a physiologically intact

HDL molecule.

Since apo-AI is a predominant protein component of

the HDL molecule, the approach taken in this study was to

elicit antibodies against the major apoprotein of HDL (apo

AI) and to use this antibody in an affinity chromatography

procedure.

The composition of the HDL isolated using anti-apo AI

column chromatography was nearly identical to the HDL

isolated by the traditional method (12) as shown in Table

IV. Even though each protein component could not be quanti-

tated, Figure 13 shows that the HDL from the anti-apo AI

chromatography contains at least two additional protein

components which are not present in the HDL isolated by a

traditional method. In addition, the method using anti-apo

AI chromatography is extremely simple so that the isolation

of HDL can be done within several hours, whereas it takes
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more than 3 days to isolate HDL by the traditional method.

Since the method for the isolation of apoprotein AI from

human plasma has been well established, there should be no

difficulty in the preparation of a human antiL-apo AI column.

Therefore, this method can be easily applied in any labora-

tory and for any experimental model.

s ,
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