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SﬁMMARY
1. Sonicated dispersioﬁs of mixtures of unestérified éholesterol with
lecithin can serve as substratés for radioassay of‘lecithin:cholesterol
acylfransferase activity in the ultracentrifugal 4 > 1.21 g/ml fraction.
2. Net esterification yields (24 h incubation) and initial reaction
rates decrease with increasing molar proportion of unesterified cho--
lesterol in the sonicated substrate.

3. Negllglble lecithin: cholesterol acyltransferase activity is observed
hen lec1th1n in the sonicated substrates is replaced by phosphatldyl
éthanolamine, phosphatidyl serine oOT sphingomyelin.

L. Ultracentrifugal fractionation of incﬁbated assay mixtures shows
product cholesteryl esters distributed primarily between the 4 < 1.063

‘and the d 1.063 - 1.21 g/ml fractions.

5. The present findings support the hypothesis that the significant
differences in reactivity of the different classes of serum lipoproteins

with lecithin:cholesterolfacyltransferase may result from differences

in the relative proportions of unesterifiéd cholesﬁerol and lecithin

on the lipoprotein surface acceésible to the enzyme.

—



INTRODUCTION

During incubation of human serum in vitro, the substraﬁes of
serum lecithin:cholesterol acyltransferase (LCAT) are the unesteri-
fied cholesterol (UCS) and lecithin (LEC) of the serum lipoproteins 1
When each of the three major classes of serum lipoproteins (ver& low
density lipoproteins, VIDL, d < 1.006 g/ml; low density lipoproteins,
LDL,.d 1.006 - 1.063 g/ml; and, high density lipoproteins, HDL,
4 1.063 - 1.21 g/uml) is incubated separately with preparations of
ICAT,\a higher rate of transesterification has been observed with
HDL than with IDL or VLDL 2’3. The physical-chemical factor (or
factors) responsible for these apparent differences in reactivity has
not as yet been determined. The potential importance of the content
~and relative abundance of UCS and LEC to the enzyme's reactivity was
suggested earlier by the work éf Wagner and Rogalski t as well as more
-recently by Glomset > and Raz et al. 6. ‘Since the HDL class normally
shows a substantially lower content of UCS, together with a markedly
lower mole ratio of UCS to LEC. than IDL or VIDL, the differences in re-
activity of ICAT with the various lipoprotein classés may depend, in
part, on the relativ¢ content of these lipids in the lipoprotein mole-
cules. In order to investigate the reactivity of IéXT with substrates
composed of UCS and LEC, we have developed a radioassay method utiliz-
ing sonicated dispersions of specific mixtures of UCS and LEC. As a
lipoprotein-free source of ICAT activity, we used the ultracentrifugal

d > 1.21 g/ml protein fraction (UPF), which contains the bulk of the

ICAT activity of serum.

~



MATERIALS AND METHODS 4 o

Preparation of Ultracentrifugal Protein Fraction (UPF)

Freshly prepared sérum was raised‘to a salt background density
of 4 1.21 g/ml by addition of KBr. 4 ml aliquots 6f this adjusted
serum were layered underneath 2 ml aliquots of a d 1.21 g/ml KBr-NaCl
solution (containing EDTA 0.1 mg/ml) in preparative tubes just prior
to ultracéntrifugation (48 n, ;lh,OOO g at 16°). After wltracentri-
fugation the top 3 ml; containing essentially all of the serum lipo-
proteins, was removed and the remaining bottom 3 ml fraction was stir-
red ahd pooled. The ultracentrifugal protein fraction (UPF) was ex-
haﬁstively dialysed against a 0.01 M phosphate - 0.26 M NaCl buffer
of pH T.4. After dialysis, this preparétion served as ouf source of
ICAT activity.

‘Preparation of Sonicated Dispersions of UCS and LEC

Mixtures of egg'lecithin (General Biochemicals, Chagrin Falls,
Ohio) and unesterified cholesterol (Supelco, Inc., Bellefonte, Pa.)
dissolved in ether, were introduced into'sonication vials. After ad-
dition of (3H) cholesterol (usually 3000 DPM, 15 mC/mM) (New England
Nuclear, Boston, Mass.) the solvent was evaporatéd under N2" 5 ml
of a 0.01 M phosphate buffef (pH 7.4, no NaCl) was added and the con-
tents were sonicated for ten minutes using a 60-watt ultrasonic dis-
integrator (#3000, M.S.E. Ltd., London). During sonication the vial
was cooled in an ice water mixture. Shortly following sonication,
these dispersions were used as substrates for determination of ICAT
esterifying activity. In one series of experimgnts, phosphatidyl
ethanolamine, phosPhétidyl serine and sphingomyelin (Supelco, Inc.,

Bellefonte, Pa.) were separately substituted for lecithin in the

sonicated substrates.



Incubation Procedures

Substrate and UPF solutions were generally. pre-incubatéd separ-
ately.to 37° prior to mixing. Aliquots of substrate and UPF solutions
wére mixed in a proportibn such that the concentration of the UFF coﬁ—
ponenfs in the fipal assay media corresponded to their concentrations
in the original serum. Incubations were performed at 37° in a Dubnoff
shaker. After appropriate infervals,of incubation, duplicate 1 ml ali-
quots were removed, iﬁmediately frozen and stored for subsequent analysis.

Ultracentrifugal Fractionation of Incubation Mixtures

In one set of experiments, incubated mixtures were ultracentri-
fugally fractionated to determine the distribution of iabeled unesteri-
fied cholesterol and product cholesteryl esters. Two preparative u;tra-
_centrifugations (24 h, 114,000 g at 16°) were performed in sequence,
first at d 1.065 g/ml and second at d 1.21 g/ml. Lipid-containing
fractions floating at the above densities as well as'sedimenting mate-
rial'of‘d > l.él g/ml were removed and subsedquently énalyzed..

Lipid Analysis

Lipids were extracted according to the method described by Sperry

T

and Brand '. Chromatography of extracted lipids on silicic acid columns
was performed after addition of an appropriate amount of carrier cho-
lesteryl esters, unesterified cholesterol and lecithin. The carrier
lipids were added to assure proper chromatOgraphy of the small amounts
of labeled lipids. -Aliquots of the stock solutions of the sonicated

substrates were also extracted, chromatographed (without carrier lipids),

and analysed for content of UCS and LEC. Analysés of chromatographed



. -5-
lipids were performed by infrared spectroscopic techniqueé previously
described
Radioassay

Lipid fractions (cholesteryl esters and UCS) obtained from chro-
matography were separately placed in counting vials, phosphor was added,
aqd counting was performed in a liquid scintillation spectrométer. Count-
ing efficiency was determined by addition of (3H) toluene as an internal
standard. - -

RESULTS

N

Net Esterification Yields with Sonicated Substrates

Assay of ICAT activity, utilizing sonicated dispersions of defined
mixtures of UCS and LEC as substrates, was performed by the net esteri-
- fication method (sampling after 2k h incubation) and by the initial
rate method (samplings during O - 30 min incubation). Table I shows
the effect of variation of the initial UCS content of the sonicated
substrate on the net esterification yield. The initial concentration
of LEC in each of the assay media was approximately one third the total
LEC.conéentration in the serum of human adults. This concentratioh ap--
proximates the separate contribution to the total LEC concentration of
serum normally made by either the LDL or the HDL class of lipopfoﬁeins.
Table I shows that with increasing content of UCS in the substrate,
there results a marked reduction in the net esterlflcatlon yield.

Table iI shows the effect of variation of the initial LEC content
. of the sonicated substrates on theAnet esterification yield. This ex-

periment was performed at two initial concentrations of UCS in the
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incubation mixture; one concentration approximated the UCS level con-
tributed by LDL t0 human serum, while the othgr approximatea the level
contributed by'HDL. With increasiné initial amounts of LEC in the sub-
strates there was a marked increase in net esterification yield at both
initial levels of UCS. At the same level of LEC concentration in'the‘
incubation mixture, the net esterification was greater for the substfate
with the lower initial content of UCS content (approximating UCS level
of IDL). These obsef&atidns further indicated that the net esterifica-
tion yield was significantly influenced by the relative initial amounts
of UCS and LEC in the sonicated dispersions.
| Table III‘shows the net esterification yields in assay media in
which the initial concentratioﬁs of two different sonicated substrates,
_each with a fixed molar fraction of UCS, were varied over a wide range.
These data show that the net esterification yield is determined pri-
marily by the relative proportions of UCS and LEC in the sonicated sub-
strate and not byAthe bulk concentration of UCS in the assay medium.
The relative proportions of UCS and LEC in these substrates approxi-

mated those encountered in HDL and LDL of human serum.

Initial Rates -of Reaction with Sonicated Substrates
The effect of variation of the initial substrate composition on
initial esterification rates was also investigated. -Fig. 1 shows a

representative curve describing the progress of esterification over

the first two hours on incubation. The curve is essentially linear
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during the first 20 - 30 minutes of incubation and subsequently falls
off to a lesser rate of increase. Hence, for determination of initial
rates of ésterification, we used sampling periods of 30 minutes or less.
Initial rate values‘fér the same UPF sample incubated with different
batches of sonicated substrates of identical compdsition were highly
reproducible. For the substrate concentrations used to obtain the data
in Pig. 1, the percentages ofhcholesterol esterified at the times.S.h,
10.8, 15.6, 20.4, 30.0 and 120.6 min were 5, 11, 16, 20, 27, 43 and 58%,
respectively. Initial rates of esterification for substrates of 4if-
ferent composition are presented in Table IV. In these éxperiments

the initial LEC content of the substrate was essentialiy the same while
the UCS content was varied'over a wide range of values. These data
"show a steady decline in the initial rate of esterification with in-
creasing initial content of UCS in the substrates. Hence, the composi-
tion of the substfates markedly affects the initial rate of esterifica-
tion.as well as the net esterification yield.

The Effects of Substrate and Enzyme Concentration

The effect of increasing the total substrate concentration (using
a sonicated substraté initially containing a O.iS mole fraction of UCS)
on the initial rate of esterification is shown in Fig. 2. With increas-
ing substrate levels, values of the initial rate reach a platéau. Ap-
plication of this assay technique to evaluation of enzyme activity
would require utilization of the higher substrate concentrations where

a smaller fraction of the initial cholesterol is esterified. The effect



. -8-

of variation of UPF concentration on the initigl reaction rate was also
evaluated at high concentrations of substrate. Values of initial re-
action rates decreased linearly with decreasing concentrations of UFF in
the iﬁcuhation medium. |

Reactivity of other Phospholipids in Sonicated Substrates

The susceptibility of sonicated dispersions containing other phos-
pholipids, such as phosphatidyl ethanolamine, phosphatidyl serine and
sphingomyelin, to transesterification by the ICAT preparation was also
evaluated (Taﬁle V). There was negligible esterifying aciivity when these
phospholipids were used as substrates with UCS. The physical appearance
of sonicates‘containing these phospholipids was>highly comparable to those
containing lecithin. Under identical incubation conditions, marked esteri-
fication occurred with LEC.

Ultracentrifugal Distribution of Substrate UCS and Product Cholesteryl

Esters

The ultracentrifugal distribution of the radiocactive substrate UCS
and the product cholesteryl esters in the assay média was also evaluated.
Ultraéentrifugal fractionation»of a soni;ated substrate, incubated for 24 h
in the absence of UPF, showed the radioactive UCS to be present almost ex-
clusively in the d < 1.063 g/ml fraction. Fractionation of an incubated
assay mixture containing both the sonicated dispersion and Uff; showed
'thevpresence of unreacted substrate UCS in both the d < 1.063 and
d 1.063 - 1;21 g/ml fractions. The level of unreacted UCS in the

d < 1.063 g/ml fraction was approximately twice that in the d 1.063 - 1.21 g/ml.

-



9-
The product cholesteryl esters were also found distributed between the
d < 1.063 and d 1.063 - 1.21 g/ml fractions with the major part in the
d 1.063 - 1.21 g/ml. Such accumulation of esterification products with
the 4 1.063 - 1.21 g/ml fraction suggests complex formation of substrate
and product lipids with proteins of the UPF. The physical and chemical’
proterties of these complekes are under investigation to determine their

role in the esterification reaction.

-

DISCUSSION

_ In most procedures for assay of ICAT activity, plasma Or serum

.
lipoP:Oteins éerve as substrates 9. Lipoproteins are incorporatéd into.
the assay system either as common constituents of the test plasma it-
self, or are‘added as part of a heat-inactivated plasﬁa to the test
_plasﬁa or ICAT-containing preparatién.; Other assay procedures use
isoléted lipoprotein fractions as substrates free of other plasma com-
ponents. Preparation of substratesAfor radioassay of LCAT activity is
usually effected by incorporation of radioaéti&e cholesferol, in various
forms .of dispersion or solution, into heat-inactivated plasma lO. As-
'says are performed after exchangé of the labeled chdlestefol with the

lipoprotein cholesterol in heat-inactivated plasma. While heat in-

activation 6f_a substrate plasma is necessary to destroy its ICAT acti-

vity, it does at the same time alter the physical and chemical properties

of the substrate plasma lipoproteins (unpublished experiments). Hence,
in such heat-inacdtivated systems, the lipoproteins, although capable of
serving as substrates for ICAT, differ in their compositionai properties

from normal plasma lipoproteins. Notwithstanding these considerations,

-
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these preparations provide a reproducible source of dispersgd lecithin
and unesterified cholesterol appropriate for quantitative assay of ICAT
activity. "Such preparations, however, do not provide a capability for
varying substrate composition or for investigation of specific molecular
aspects of substrate-enzyme interaction.

Our experiments demonstrate that sonicated dispersions of UCS and
LEC can serve as substrates fér ICAT preparations and apparently are
accessible to enzyme action in a manner comparable ﬁd UCS and LEC in
plasma lipoproteins. The initial rates of esterification observed in
our studies utilizing sonicated substrates, compare favorably with in-
itiai rates determined by Glomset from incubation studies with heat-in-

activated plasma or isolated lipoproteins as substrates. In plasma of

‘pormal human subjects he found the initial esterification rate of about

0.11 umoles/ml plasma/h 11. The initial reaction rates for cholesterol
esterification in isolated HDL and LDL fractions wer-e 0.08 umole/ml/h
(init;ial ucs concentratidn 0.40 pmoles/ml) and 0.015 umole/ml (initial
UCS concentrations 0.60 umoles/ml), respectively 2. . In our studies,
the initial reaction rates for sonicated substrates similar in lecithin
and unesterified cholesterol combosition to plasma HDL and LDL were
0.064 pmoles/ml/h (initial UCS concentration 0.18 pmoles/ml) and
0.011 umoles/mi/h (initia; UCS concentration 0.58 pmoles/ml), respec-
tively. |

Our'observations on the influence of the relative content of sub-

strate UCS and LEC on esterification rates and yields may explain in

- o : ’ . ’ S
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large pért the strong reactivity of ICAT with the phospholipid-fich

o, 12513

. The presencé of high proportions of UCS in the sonicated
substrates may decrease eésterification rates and &iélds by reaucing
the ¢loseness of fit of the enzyme's active site with the component
substrates. Specifically, the interaction of the enzyme's active site
with the'substrate may be sensitive to alterations in the spacing ané
packing of the substrate components which may result from some cbn-
densation of the substrate surface by additional UCS. On the other
hand;‘the esterification of a particllar substrate UCS molecule may

be strongly influenced by the compésition of its immediate molecular
neigﬁbors. The presence of neighboring‘UCS molecules may be inhibi-

- tory to the.esterification of a particular UCS molecule. This is sug-
’gested by oﬁr observation of maiimal esterification rates and yields
when assays.are performed with sonicated substrates in which moét ucs
molecules are probably completely surroundéd by LEC molecules. Wagner
and Rogalski b observed inhibition of LCAT activity when serum‘was in-
cubated in a vial glazed on the inside with unesterified cholestercl.
However, unesferified cholesterol was not inhibitory in their studies
when it was added to serum in‘a dispersion of sodium oleate. An ap--
parent strong reactivity of the enzyme with LEC is also indicated from
our experiments where we found that, under identicalhéonditions, other
_ phospholipids were inactive as substrates for ILCAT. However, as pointed
out by Dawson lh, the physicai state of phospholipids may significantly

influence the rate of an enzymatic reaction involving phospholipid
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substrates (e.g., reactions with phospholipases). Hence, from our pre-
sent data, it is not possible to attribute the marked apparent specifi-
4city of ICAT fof LEC entirely to a structural specificity of the enzyme
for IEC. TFurther experiments 6f this apparent specificiﬁy of LCAT for
LEC are in progress. |

Our data do not rule out the possible participation of proteins of
the UPF, other than ICAT, in fhe esterification reaction. The presence
of HDL and IDL peptides in the d > 1.21 g/ml fraction has been reported

15,16,17  gpese lipophillic peptides could be in-

by several workers
cérporated, during incubétion,.into the substrate particles and thereby
influence LCAT activity. Our present data show fhat, following 24 h in-
cubation of UPF with a sonicated substrate, labeled product cholesteryl‘
-esters are found in both the ultracentrifugal d < 1.063 and the

d 1.063 = i.2l g/ml fractions. Recently, each of these fractions has
been demonstrated to contain also LEC, UCS and some prbtéin material
(unpublished observations). Hence, complex formation between the re-
actants and products of the ICAT reaction together with some protein
moieties of the UPF doeshéccur. Current studies (unpublished data of

W. Ho and A. V. Nichols of this laboratory) also show that LCAT itself

can be complexed together with sonicated dispersions. -
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Fig. 1. Rate of cholesterol esterification in assay medium éontaining
UPF and sonicated substrate. Assay conditions were as in Table I,.ex-
~cept that the assay medium was sampled at the‘time intervals specified
in the text. Initial concentration of UCS in assay medium was

0.12 umoles/ml. Initial molar fraction of UCS in substrate sonicate

was 0.15.
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Fig. 2. Effect of total substrate concentration on initial esterifi-
cation rate in assay medium. Assay conditions .were as in Fig. 1.

Values in parentheses are initial molar fractions (0.14-0.16) of UCS

in sonicated dispersions.
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TABLE I.
EFFECT OF INITIAL UCS CONTENT OF SUBSTRATE ON NET ESTERIFICATION YIELD (AT APPROXIMATELY SAME INITIAL LEC
LEVEL IN ASSAY MEDIA). Assay media consisted of UPF plus sonicated UcS-LEC dispersion (3:1, v/v), final

background solution consisted of 0.01 M phosphate - 0.19 M NaCl buffer, pH 7.4. Incubation for 24 h at 37°.

Concentrations of Substrates

(molor fraction of U0S 4 LEC)  (umoles/m assay mediv) (mores/m asosy medivm)
ucs ' ' LEC ‘ . ucs LEC

0.11 of89 : 0.10 0.80 ‘ | 0.092 (92)*

0.21 0.79 - 0.21 0.79 0.086 (L1)

0.34 0.66 ) 0.39 0.77 | 0.059 (15)

0.42 | 1 0.58 | 0.5k 0.75 . 0.043 ( 8)

0.52 048 . o83 0.76 0.033 ( ¥)

Values in parentheses are percentages of -cholesterol esterified during incubation interval.

,./



TABLE IT

EFFECT OF INITIAL LEC CONTENT OF SUBSTRATE ON NETVESTERIFICATION YIEID (AT TWO LEVELS OF INITIAL UCS IN

ASSAY MEDIA). Assay conditions as in Table T.

- ~ Concentrations of Substrates 4 .
Substrate Composition UCS and LEC ' Net Esterification Yields
(molar fraction of UCS + LEC) (umoles/ml assay medium) (umoles/ml assay medium)

- Ucs ' : LEC - ucs ‘ LEC

Experiment 1

0.41 0.59  om 0.30 0.027 (13)"
0.3k " 0.66 0.21 A 0.40 : 0.042 (20)
0.21 0.79 o 0.21 0.79 | 0.086 (L1)
'6;15 . 0.85 ‘ 0.21 : 1.34 | 0.200 (95)__

Experiment 2

0.52 0.8 0.57 0.52 0.034 "( 6)

oko - 0.60 0.65 0.97 . 0.072 (11)
0.25 0.75 T 0.62 | 1.83 : 0.223 (36)

* A :
Values in parentheses are percentages of cholesterol esterified during incubation interval.



TABLE IIIX
"EFFECT OF INITIAL SUBSTRATE CONCENTRATION ON NET ESTERIFICATION YIELD (FOR TWO SUBSTRATES WITH DIFFERENT

MOIAR FRACTIONS OF UCS). Assay conditions as in Table I.

' )
_ Concentrations of Substrates ]
Substrate Composition UCS and LEC ' Net Esterification Yields
(molar fraction of UCS + LEC) v (umoles/ml assay medium) (umoles/ml assay medium)

UGS LEC ucs LEC

Experiment 1

0.21 0.79 ~ 0.08 0.30 0.0k2  (53)%
0.21 . 0.79 | 0.21 0.79 - 0.086 (k1)
0.23 0.77 o 0.41 | 1. - 0.168 (k1)
0.25 : 0.75 = | 0.62 1.83 ~ 0.223 (36)

Experiment 2

[ hes

0.41 0.59 . | 0.21 0.30 0.027 -(13)
0.2 0.58 0.3L 0.43 0.0 (11) | Y
0.42  0.58 . 0.5 : .Q.75 0.0k3 ( 8)
0.45 0.55 1.16 1.4k ' 0.046 (W)

% .
Values in parentheses are percentages of cholesterol esterified during incubation interval.



TABLE IV

EFFECT OF INITIAL UCS CONTENT OF SUBSTRATE ON INITIAL ESTERIFICATION RATE. Assay conditions as in Fig. l.

. Concentrations of Substrates

Substrate Composition UCS and LEC Initial Esterification Rate
(molar fraction of UCS + LEC) (umoles/ml assay medium) (umoles UCS esterified/ml assay medium/h)
ws . LEC ucs " LEC o
0.16 0.84 0.13 0.70 o 0.127
0.21 ' 0.79. 0.18 0.68 0.06k
- 0.30 0.70 0.30 0.70 : 0.038'

0.46 'Q.su 0.58 0.69 ' ' 0.011

L e el o



. TABLE V

SUBSTRATE PHOSPHOLIPID AND CHOLESTEROL ESTERIFICATION.
Assay conditions were as described in Table I. Initial molar fraction of UCS in each substrate

sonicate was O.lk. Initial concentration of phospholipid in assay media was approximately .

0.65 pmoles/ml.

-Phospholipid in Substrate Sonicate Cholesterol Esterified (nanomoles/ml assay medium)
: ) Incubation Interval

20 min 60 min 120 min
Phosphatidyl choline (lecithin) 30.6 L6.6 ., 58.5
Phosphatidyl ethanolamine | 0.5 1.1 1.6
Phosphatidyl serine ‘ 0.6 0.8 0.8
Sphingomyelin ) 0.4 0.7 © 1.0

ey



TABLE VI

ULTRACENTRIFUGAL FRACTIONATION OF ASSAY MEDIA: DISTRIBUTION OF RADIOACTIVE CHOLESTEROL AND
CHOLESTERYL ESTERS.

Two mixtures were incubated for,2h‘h at 37° in 6 ml\preparative ultfacentrifuge tubes. One
contained 3 mi UPF plus 1 ml sonicated substrate; final solution background consisted of
0.01 M phosphate - 0.19 M NaCl buffer (pH 7.4); the other contained 3 ml phosphate buffer
plus 1 mlL of the same sonicated substrate (same final background solution). Initial con-’
centration of UCS in mixtﬁres was 0.13 ﬂmoles/ml. Initial molar fraction of UCS in sub-

strate was 0.15. After incubation, mixtures were subjected to sequential preparative ultra-

centrifugation (24 h, 114,000 g, 16°), first at d 1.063 and then at d 1.21 g/ml. Lipid-contain- _ -

ing fractions floating at the above densities as well as sedimenting material of 4 > 1.21 g/ml
were removed and analysed for distribution of radioactivity in the UCS and the cholesteryl
esters. (See Materials and Methods.)

_Ultracentrifugal Fraction Parent Incubation Mixture Percent of Total Radioactivity In
. *
ucs - o CSE -
d < 1.063 Substrate & buffer : 95 _
Substrate & UPF T 3k
-~ .
a4 1.063 - 1.21 _ Substrate & buffer 1 _
Substrate & UPF _ 3 50

-

* : .
CSE, cholesteryl esters





