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INTERACTION OF SERUM ENZYME LECITHIN: CHOLESTEROL ACYLTRANSFERASE
WITH LIPOPROTEINS AND MODEL LIPID SYSTEMS

~ ABSTRACT

Walter Kwok Keung Ho

In the work des;ribed in this dissertation, I have studied the
interaétibn of lecithin: chole#terol acyltransferase with human
sérum lipoproteins and sonicated dispersions of lipids. The purpose
Qf these studies was to provide information on 1) the interrelation—
ship betﬁeen leéithin: cholesterol acyltransferase and serum lipo;
protein structure and metabolism, 2) the‘naturé of the association
between iecithin: cholesterol acyltransferase and its substrates,

3) thg mechanisms by which lipids, ;s'found in lipoproteins, are
utilized as substrates for LCAT, and 4) the‘role'of_apOIiPOproteins
in enzyme aétivity. | R |

The dissociation and association of serum lecithin: cholesterol

vi.

acyltransferase activity with human serum high density lipoproteins

were investigated under different experimental conditions. Resplts
of these.stgdiés indicate that the asségiatiqn between lecithin:
cholesterol acyltrénsferase activity and high density lipoproteins
is sensitive to high ionic strength, and that the affinity of the
enéyme for high density lipoproteins is not altered when most of
the substféte lipids (i. é.,vhnesterified cholesterol and lecithin)
in the high density lipoﬁroteins have been transesterified.

During incubation with essentially lipoprotein-free serum,

{



vii.

sonicated dispersions of lecithin form coﬁpléxés cbntéiningilecithin:
'cholestérdl aéyltransferaSe activity. These cémpiexes can be isolated
by ultfacentrifugal flotation in a sucrose soiution of density

1.065 gh/ml. Determination of lecithin: cholesterol acyltransferase
activity contained in these complexes does not require addition of

a specifié'coféctof to the assay medium.

| The formation of complexes between sonicated dispersions of
lecithin and active lecithin: cholesterol acyltransférase is not
affected by inhibition of the enzyme's activity.with hydroxymercuri-.
benzoate. However, the ultracentrifugal flotatioﬁ of such_complexeé,
in a sucrose solution of density 1.065 gﬁ/ml, is highly dependent
on the pH and the concentration of lecitﬁin dispersion in the
ultracentrifugal medium.’Disséciation of thé complgxes formed_be;ween
sonicated dispersions of lecithin and active lecithin: cholesterol
acyltransferase can be achieved by treatmeﬁt with sodium taqrécholate
and high salt concentrations (potéssium bromide),

When incubation mixtures of lipoprotein-free serum aﬁd lecifhin
dispersions aré‘ultracentrifuged in éotassium bromide solutions of
density 1.065 gm/ml and density 1.21 gm/ml; lecithin: choleéterol
acyltransferase activity, associated with lecithin dispersions, can
be isolated in the density.1.065 gm/ml to 1.21 gm/ml fraction. Assay
of enzyme.aétivity in this fraction does not‘require addition of.a
specific cofactof. On the other hand, lecithin: cholesterol acyl-

. transferase activity  associated with the density greatér than

1.21 gm/ml'fraction can only be deomostrated after addition of a
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high density lipoprétein apolipoproteinb(apoLP-gln I); Béscd oh
ﬁhese observations, iﬁ is pr0pqséd that'apoLP—gln I is a major-
requirement in the.transesterificatioh reaéfiop catalyzed by 1ecithin;

" cholesterol ;cyltfénsferase; The mechaniém whereby aéoLf—gln.I_
activates lipid dispersions for-transestérification probably ithlvés: 5
the forﬁation’of a high density lipoprotein-liké structure betwéeu
apoLP-gln I and sonicated dispersions of 1ipids..

When lecithin: cholesterol acyltransfefasé,agtiVity isbasséyed
in the presence of'mercaptoethanol and sonicated disbersions ofv
leéithin; aﬁ #cfivation of enéyﬁe activity is obserVed. The basis
for such activation is still unknown.
Atteméts td. p;rify lecithin: cholesterol acyltransfefase,
using a combination of ultracentrifugal'and chromatographic procedures,-

_resulted'in a méximal burification_of approximately five hundred
fold. Chfom&tography of lipoprotein-free serum on a Sgphadex G-200
column indicates that.the molecular weight of lecithin: cholesterol
acyltransferase is probably below lO0,000 daltons. Ammonium sulféte
precipitétibn of lecithin: choleéterol acyltransferase acfivity,.
contained in é.lipoprotein-free serum,éhéws thétbthis enzyme
précipitg£es_invthe_same saturation range as the alpha and Beta |

globulin proteins.



- CHAPTER 1.
~ INTRODUCTION
I. General.Considerations.

In higher animals‘eernm lipids are complexed With proteins.

_ forming 1ipoproteins which'circulate throughout the bloodstream.
Lipids,.such as triglyceride and cholesterol, synthesized;or absorbed
in one organ can be transborted in lipoprotein forn to other organs
fordeither metabolism or storage. The transport valipids between |
organs_is highly:responsive to.phyeiological denands (96).
exampie,vafter the ingestion of a fatty meal, thevchylomicron leyel
in tbe’bloodstrean rs usually markedly.elevated. Such elevation is
believed to resultbfrom absorption of dietaryvfat by the_intestinekf
and'ito‘sanequent transport within lipoprotein partioies to the
adiposeotissoe'or liver for'storage'or metabolism (96\ Tbe enz?mic
and phy31olog1ca1 mechanlsms by Wthh c1rcu1at1ng liplds are »
channeled into varlous organs for metabollsm and storage are’
.currently under‘lnten51ve 1nvest1gat10n' Both direct and indlrect
:effects of hornones on lipld metabollsm have been demonstrated (96)

| Two enzyme systems found in the bloodstream or assoc1ated |

' tiaSues have been shown to part1C1pate;ln,the‘metabollsm oflserum .
iipdproteins; these.are 11p0protein 1ipase and lecithin; eholesterol':_
.-acyitransferaSe (LCAT) The specxfic mechanlsms by which these o
”enzymes channel the 11pids of c1rculating 11poprote1ns in and out

of variousvorgans are under active 1nvest1gat10n.



The interaction between lipoproteins and thése'two enzyme
systems raises ihtéresting questions with respect to iip0pfotein_
metabdlism as weil as lipoprotein stfucture. Thus, by reacting with
the lipid moiety of specific classes of serum.lipOp;oteiﬁs, both
lipoprotein lipase and LCAT can produée marked chéﬁges in the lipid
compositions of lipdproteihs. Since the iipid mbiety of_lipoproteins

has been shown to play a crucial role in détermihing lipoprotein

structure (48), changesvin lipid composition mediated.by lipoprotein

lipase and LCAT can significantly influence lipoprotein structure.

In the present thesis, I.shallvdescribe ﬁy.investigation.ofv
the inte;éction betﬁeen LCAT and lipoproteins. It is hbped thatv
. these studies may provide a basis for better uhderstandipg o?.i).
the physiological role of LCAT, 2) the importandé of this enzyme:.
in the metabolism of lipoproteins, 3) the role of 1ipoproteiﬁ
structuré in determining the mode of enzyme action, and 4) the
possible interrelationship bétwéen LCAT andvlipoproteiﬁ liéas¢ in
thevme;abolism‘of lipids and iipopr§téins. |

In étder to brovide an ovéfview of the presenﬁ séate of gﬂow-.
ledge oh‘serpm lipoprotein metabolism, I have attempted, in the
following sections, to summarize the available-da;a on serum
lipoprotein structure, lipoprotein lipase and LCAT. Although these
sections may not contain all of the most recent_deveiopmeﬁté oﬁ
these topics, they provide a ggnerai backgfound upon which the

present research was based.

II. Physical and Chemical Characteristics of Human Serum Lipoproteins
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It is well established that serum lipoproteins are_the-major‘
‘complex proteins in the bloodstream wﬁich are respbnsible for th¢_ 
transport of lipids. Since ﬁheir.disc0vefy a great dea1 of;know1edge
has been accumulated on their structure and function. In generai,
serum lipoprdteins are designated into fqur'major c1asses; they are
the chylomicfa, ver? low density lipoproteins (VLDL),.low density.
lipoproteins (LDL) and high density lipoproteins (HDL). Their

physicochemical properties are summarized in Tables 1, 2 and 3.
a. Chylomicra.

Chylomicra are the'largest of the serum lipoproteins. They are
secreted mainly‘by‘the gastrointestinal tract duriﬁg fhe absorption
of dietary fats. The chemical COmpositién of chylomicra consists
'predomipantly of triglyceride with smaller amounts of phospholipid
(3-6%), unesterified cholesterol (1-3%), cholesteryl ester (2-4%),
and protein (0.5-2.5%). Theif prétein cpmpésition is uncertain;
however, they are believed to contain proteins whiéh are usually
associated ﬁith HD@'and VLDL (Table 3) (68). Chylomicra are.geherally
characteriéed by particle size, electrophoretic mobility, Sy rates
and hydr;ted density. They range in size from 750vX to 10,000 X
Vwith molécular weights.fénging from 10° X to 10% x 106 daltons. On
paper and agarosé gel electrophofesis ;hey remaiﬁ at the origin,.
‘while on staréh and cellulose aceﬁate they havebén alphas mobili;y
and migfate with VLDL. Their Sg rate is in the range of'frém 400

to greater than 10° Svedberg flotation units, and their'hydrated



TABLE 1

PHYSICAL CHARACTERISTICS OF THE FOUR MAJOR CLASSES OF NORMAL HUMAN SERUM LIPOPROTEINS?..

e . 2 .3 ) s A | 5 . 10‘6“‘. : I <
- Lipoprotein  Flotation Rate Density” Mobility Molecular Wt. Size (A) Conformation
Chylomicrons §g>h00 ' <0.95 origin 103-10% X 10° - - 750-10,000 -
VLDL 8 20-400 - 0.95-1.006  Prebeta. 5-10 X 108 - 300-800 -
LDL Sg 0-20 1.006-1.063 Beta 2.1-2.6 X 10° 205-220 - Mostly beta, some
: : alpha helix and
_ random coil.
HDL F1.20 0-20 1.063-1.21  Alpha 1.7-3.6 X 105 75-100 60-65% alpha helix,

35-4C% random coil.

-1 Data obtained from references 47, 68, 71, 78, 80 andv98.

2 5¢, lipoprotein flotation rate in Svedberg units (107*° cm/sec/dyne/gm) in a NaCl solution of density equal

to 1.063 gm/ml at 26°C, 52,640 rpm. Fi.z0, lipoprotein flotation rate in Svedberg units in a NaCl-NaBr

‘solution of density equal to 1.20 gm/ml at 26°C, 52,640 rpm.

~
< In

44
5 In
8 As

"7 As

‘gm/ml.

determined By paper électropﬁoresis;

daltons.

determined by electron microscopy.

determined by circular dichroism and optical rotatory. dispersion analysis of native lipoproteins.. -
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TABLE 2
COMPOSITION! OF MAJOR LIPOPROTEIN CLASSES OF NORMAL HUMAN SERUMZ.

Lipoprotein Chylomicron  VLDL - LDL HDL
Constituents ’
Protein 1-2 10 25 L45-55
Triglyceride 80-90 50-7¢ 10 3
Unesterified cholesterol 1-3 10 -8 15
Choleéteryl ester _ 2-4 . 5 37 22
Phospholipid . 3-6 15-20 22 30
Carbohydrate - <1 1 <1

1 ¢ of dry weight.

2 pata obtained from reference 68.



TABLE 3

THE APOLIPOPROTEINS OF THE FOUR MAJOR LIPOPROTEIN CLASSES OF NORMAL

HUMAN SERUM®.

Apolipdprotein2 Chylomicron VLDL LDL HDL

ApoLP-ser Unknown Major™ Minor Minor?
" ApoLP-glu Unknown - Major® Minor Minor*

ApoLP-ala Unknown Major3 Minor Minor?

ApoLDL "Unknown Major Major Absent

ApoLP-gln I Unknown Minor Trace Major (approx.

: 66¢% of HDL protein)

ApoLP-gln II Unknown “Minor Trace Major (approx.

20% of HDL protein)

1 pata obtained from references 6, 66, 68 and 1C8.

2 Accordingbto nomenclature suggested by Levy et al.

(68) . ApoLP-ser,

apoLP-glu, aboLP-alé and apoLP-gln (either I or II) designate

apolipoprotein with a carboxyl=~terminal amino acid serine,

glutamic acid, alanine and glutamine respectively. See Table 4 for

correlation of apolipoprotein nomenclatures of other authors.

3 These three apolipoproteins in combination make up approximately

50% of the VLDL protein. '"Major" refers to proteins making up 10%

or more of the total protein.

4 These three apolipoproteins in combination make up approximately

12% of the HDL protein.




TABLE 4 |
CORRELATION OF APOLIPOPROTEIN NOMENCLATURES OF VARIOUS AUTHORS.

Levy et al.t" Alaupovic®. - Scanu et al.® Shore*
ApoLP—sef- Apo C Fraction V R-valine
ApoLP-glu Apo C ' Fraction V. R-glutamic
B ‘ ' acid
ApolP-ala '~ Apo C Fraction V R-alanine
ApolDL ~ Apo B - , R-serine
ApoLP-gln I Apo A Fraction III R-threonine
ApolLP-gln II Apo A Fraction IV' R-glutamine

1 pata obtained from 18, 19, 20, 55 and 68. Abbreviations for
éarboxyl—termindl amino acids are described in Table 3.

2 pata obtained from reference 66. |

S pata obtained from reference 101.

~* Data obtained from references 106, 107 and 108.




density is less than 0.95 gm/ml.(68, 71, 116). bata obtained from
electron microscopy. support the idea that chyiqmicra‘are Spﬁefical
particles consisiing of an outer surface, composed primarily of

phospholipid and:pfotein,’with an internal core of triglyceride in
which_SOme éholestefyl ester and possibly unesterifiéd cholesterol

are dissolved (116).
b. Very Low Density Lipoproteins (VLDL).

VLDL are triglyceride-riéh pérticles defived mainly.from'the
liver. A main function of this lipOpfotein.clas; is the transport
'ofvtriglyceride to various tissues for metabolism (96). The chemical
compbsition of VLDL coﬁsists predominantly of triglyceride (53C-70%),
. with sméllér amounts of #hospholipid (15-20%) , unesterified chéles—

terol (10%), cholesteryl estef (5%), and proteinl(lo%). Recent
studies iﬁdicaté that the VLDL protein moiety mostly consists of
" four major apblipoproteins (18, 19, 20, 55) . ChafécteriStics of these
apolipOprbteins are sumharized in Table 5. In general, VLDL have a
hydrated dénsity ranging between 0.95 and 1.006 gm/ml, S rate of
20 to LOO Svedberg flotation units, molecularvweight of 5 X to

10 x'106daitohs, and‘prebe£a or alpha, electrdphd;etic mobility on
most_mediav(68, 71, T4). The detaiied‘substrucﬁﬁré of VLDL is still
unknown;.h0wever, VLDL have been shown to be of'Spheriéai form with.
-vdiametérs‘ranging from BOO<Z to 800 X'(Bl, 68, 80). As in the casé
of chylomiéra, VLDL probably consist of a spherical apoiar core of

triglyceride with'phosphdlipid_and pfotein on the surface (74).




TABLE 5

SOME CHARACTERISTICS OF ABOLIPOPROTEINSl;

Apolipoprotein

C-terminal

N~-terminal

Sialic

Molecular Wt. Missing Amino 'Conformatibn
(daltons) Amino Acid Amino Acid Acids . ’ - Acid
ApolP-ser - 7,000 Serine Threonine 'Cystéine, Tyrosine, Primarily 0
' ' ‘ Histidine alpha helix
- ApoLP-glu 10,000 Glutamic Threbnine Cysteine, Histidine Primarily -
: acid random coil
ApoLP-ala; 10,000 Alanine Serine Cysteine, Isoleucine 'Primérilj 1 mole/
S - random coil mole
ApolP-alay 10,000 Alanine Serine Cysteine, Isoleucine Primarily 2 mole/
y random coil mole
ApoLDL? 27,000 Serine Glutamic acid - - -
ApolP-gln I 15,000 Glutamine Aspartic’ ‘Isoleucine, Cysteine >90% alpha -
K ' - ' acid : ~ helix
ApoLP-gln II 15,000 Glutamine Aspartic Histidine, Arginine, Approximately -
acid Tryptophan, Cysteine /0% alpha helix

1 Data obtained from references 18, 19, 20, 55, 66, 68, 101, 106, 107 and 108.

2 The chemical and physical nature of this apolipoprotein has not been well characterized. The values given

in this Table are derived from results available in the current literature (48, 59, 108). .

6

L.

&
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c. Low Density Lipoproteins (LDL).

Serﬁm-LDL‘are characterized by their_high cholesterol conteﬁt,
particularly.in the form of choleste?yi ester. Recent experimental
evidence déscribed by Levy et al. (68) indicates that this class of

| molecules may derive mainly from the breakdown of VLDL during which
hydrolysis of VLDL-triglyceride occurs. The earlier idea that somé
LDL are syﬁthesized in the liver has not been ruled out (69). The
physiélogical function of LDL is still obscure; it has been suggested
that the developmen£ of aﬁhero§clerosis is significahtly.related
to incré#sed blood levels of this class of.lipopfoteins_(Yl, 78).
_Thé chemical composition of LDL is approximately as follows: 25%
protein; 10% triglyceride, 8%‘unesterified cholesterol, 37% choles-
teryl estér, and 22% phospholipid. The exact époliPOprotein compos i~
tién .of.LDLéprotein isvstill uncertain; however, it has been shown
to contaiﬁ éome VLDL apolipoproteins and apdlipOp;oteihs whose
C-terminal'aﬁino“acids are not yet.characterized.(fable j) (66, 68,
108). Physical features defining this class of lip§proteins include
hydrated density ranging from 1.006 to 1.063 gm/ml, St rate from
O to 20 Svedberg flotation units, beta mobility oﬂ paper electro-
phoresis; molecular weight from é.lx to 2.6 X 108 daltons, and a
mean diameter of 212 Z (68, 711, 80). Various mcdelé have been
probosed for the structure of LDL. The most réééét one, proposed by
Poliara et al. (88), coﬁsists of a 20 subunit dodééahedron with each
subunit'made'up of an apolaricholeéteryl ester core coated by a

phospholipid-protein surface.
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d. Higthensity Lipoproteins (HDL)._

Serum HDL are the smallest of ail the major lipoproteins. They
are made Qp of approximately 50% proﬁein and 50% lipid. Of the
lipid cdmponen;s present, phospholipid and cholespéryl ester pre-
dominate. The protein moiety of HDL has been frac£idnated into its
constituent apélipOproteiﬁs; apoiP-gln I (68%) and apoLP-gln 11 (20%)
are tﬁe‘major ones (101, 106, 107, 1@8). The minor apblipbproteins
of HDL-prétein are the major apolipoproteins of VLDL (Table 3) (66,
68, 108). The presence of these apolipoproteiﬁs in both classes of
lipoproteins has led to the speculation that HDL and VLDL might be
metabolically interrelated. The physical characﬁéristics,of HDL
include hydrated deﬂsity ranging from 1.063 to 1.21 gm/ml, Fi.20
rate of O to 20 Svedberg flotation units, alpha mobility on paper
electrophorésis, molecdlér weight ranging from 2 X to 4 X 10° daltons,
and particle diameters ranging from 75 2 to 100 2 (68, 71, 80). The
high density;lipOproteins have been divided into three éubclasses;
they are HDL;?%, HDL> and HDLs. Som¢ properties of the latter two
subclasses are summarized in Table 6 (71, 78, 100). The detailed
structuré of HDL is still unknown; however, reéént electron micro-
graphs.of negatively stained HDL indicate that_this lipoprotein is
probably made up ofAseveral subunits (31). The_fole of the different
apolipoproteiﬁs in determining the structure of HDL is under
in&estigétiOn. |

1 HDL, is excluded in the present discussion because it is not well
characterized, and it is present in serum only at low concentration.
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TABLE 6
SOME CHARACTERISTICS OF THE MAJOR HDL SUBCLASSES®.

> -

" Subclass Density®  Flotation Rate3 Szo,w  Ave. Mol. Wt.?vSizé (Z)S, Pi:otein/Lipid6 Apolipoprotein
HDLo 1.063-1.12 Fi.p0 3.5-9.0 479 3.6 X 105 - 60-1h0 L0/60 " ApoLP-gln I (68%);
: s apoLP-gln II (2C%);
apolP-ala, apoLP-ser
and apoLP-glu (12%).
HDLg 1.12-1.21 . Fi.20 0-3.5 5.0 1.7 X 105 45-100 55/L45 - ApoLP-gln I (74%);

apoLP-gln II (16%);
apoLP-ala, apolLP-ser,

and apoLP-glu (10%)

1 pata obtained from references 6, 31, 71, 78 .and 100, =

2 In gm/ml.

3 As defined in Table 1.

In daltons.

01

As determined by electron microscopy.

Q/w ratio.

N 0

amino acids are explained in Table 3.

Values in parentheses indicate the approximate apolipoprotein content. Abbreviations for carboxyl-terminal

A
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Althoﬁgh information on the physiéal and chemical charactefis~
tics of the serum‘lipoproteins is rapidly'accumulating, the épecific
role.of‘lipoproteins in lipid transport and their metabolism in the
bloodstréém énd associated tissues is still not clear. Some insight
into.lipoprotein metabolism de;ives from the study of the two enzyme
systemé which are involved in lipid and lipoprotein metabolism in
the bloodstream and adjoining tissues. These are.the 1ipoprotein‘v
lipase and LCAT systems. Inﬁestigation of the ménner in which these
enzyme systems wo;k and of their interaétion with serum lipoproteins
continues to yield interesting infbrmation on the dynamic aspects

of lipoprotein metabolism,
III. Lipoprotein Lipase
a. Historical Background.

It‘ié well known that after ingestion of a -fatty meal the serum
of many animal species becomes ;drbid. This turbidity is due to
the preseﬁce of chylomicra which are synthesized ih.and secfeted by
the intestinal cglls. In 1943, Héhn (51) observea that when lipemic
dogs were infused with blood from d§gs'which had previously been
injected with heparin, a clearing of the‘turbidity occurred. This
observation was sgbsequently confirmed by Weld (115). The nature
of this phenomenon waS not apparent until 1950-Qhen it was shown
'thag the addition of heparin to lipemic serum ig<yi££g did not
inducé clearing of-thé turBidity; however, when the'non-lipemic

serum of a dog which had been previously injected with heparin was



added, a clearing occurred (7).'Thus, it was suggested;that the
injection of heparin into the bloodstream released a certain factor

which was responsible for the'clearing of lipemic serum.

b. Physiological Function of Lipoprotein Lipéée. 

Iﬁ is ﬁow generally éccepted that the'clearipg of lipeﬁic
sefum is due to the hydrolysis of the,tfiglycefidg component of the
chylomié:;'by avlipase which is reieased intovthe.blood-éftgr.the
injection of heparin (63,>95). Tﬁis.lipoproteiﬁ lipase, as it is now
generélly calied? is believed to play A very importantfole_in_energy
metabolism since one of its maiﬁ functidné‘is the c¢hanneling of.
fatty'acids into tissues for metabolism or storage (96); In light
of this vital role, it is not surprising that liboprotein lipase
-activity hés now been'located in a variety of tissues. Some of these
are:bspleenQ lung, héart; kidney, aortic wall, diaphragm and adipose
tiésue.(95)r In addition.to'its'wide occurrence, 1ipoprotéin‘1ipase
activity has.béen shown to fluctuate in different tissues under
different physiological conditions (86).

The r§1e of lipoprotein 1ipase.as a factdr:in controlling serum
lipid levels is further exemplified in the case of Type I familial
hyperlipbproteinemia.(55). Patients with this disease sﬁow'abnormally
low post-heparin lipoprotein lipase'activity and a_ﬁérkedly reduced

rate of removal of chylomicra from the circulation. On normal diets,

highly elevated levels of chylomicra are present in the plasma of

these patients. Substitution of a diet low in fat and rich in car-

bohydrate leads to a dramatic reduction in plasma chylomicron and -

14.
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triglyéeride concentrations. In addition.to the above, fhe Type‘I
familial hyperlip0proteinemia patieﬁts show a variety of other
symptoms (e.g., sﬁollen‘liver‘and spleen, milky sefum and unusually
promineﬁt abdomen) which may br may not be dirgctly related to the
deficigncy of lipoprotein 1ipase; There are other diseases which are
associated with a decrease of plasma post-heparin li§0proﬁein lipase
activity:.SQme of these include nephrosis (97), diabetes (96),'
hepagic cirrhosis (10, 11, 60),‘and obstructive jaundiée (11). .

The underlying causes by whichvthese diseases_&ffect li§0protein
lipase activity are still unknown;.however, it is ceftain that

these diseases affect the normal metabolism of lipids.
c. Site of Lipoprotein Lipase Activity.

The exact cellular site where lipoprotein lipase is located
is still uﬁcertain.'Bgcause of the ease with which lipoprotein
lipase is released after intravascular injection of heparinvor
other polyanions, this enzyme is probably located at sites which

are immediétely accessible in the vascular lumen (96).

d. Interaction of Lipoprotein Lipaserwith Its Substrate.

Since triglycerides are not readily soluble in aqueous systems,
the nature of the'interaction between lipoprotein lipase and its
.substrace, namely lipoprotein-triglyceride, is'morevcomplex than
in the case of water soluble_enzyme-subétrate systems. There areb

several types of substrates one can use to study the activity of



16.

lip6protéin lipase; these include the chyloﬁicra (9&), lipoproteins
with Sg rates greater than 10 Svedberg flotation unité (62, 10&},

and artifical emulsions of triglyceride activated with serum lipo;
proteins (62). The role of lipoproteins in the lipoprotein lipase -
reaction was first studied by Korn (62). He observed that lipoprotein

lipase from an acetone extract of rat heart muscle would not hydrolyze

triglyceride emulsions unless these emulsions were activated by

serum‘lipoproteins; Recent data from Bier and Havél (15) indicated
that botﬁ HDL and VLDL could activate soybean oii emulsions as
substrétes-for lipoprotein lipase, and the degreevbf activation per
mg of VLDL protein was approkimately 13 times gréater than that of
HDL protein. Furthermore, when various apolipoptoteins were tested
for acfi§ation, apoLP-glu was the only apolipOprétein which showed
appreciabie effect in promoting the hydrolysis of triglyéeride_by
lipoprotein lipase (28, 54, 6L). Based on thisvdbservation_and the
possible absence of apoLP-glu in LDL (68), it i$ not surprising
;hat LDL cannot activate triglyceride emulsions for hydrolysis. The
specific rolerof apoLP-glu in activating the hydroiysis of tfigly—
ceride emulsionsrby lipoprotein 1ipgse is still unclear. Current
work in this area will undoubtedly yield interesting information oﬁ

both lipoprotein structure and function.
e. Effect of Lipoprotein Lipase Activity on Lipoprotein Distributions.

" In addition to its role in lipoprotein-triglyceride ﬁetabolism,

lipoprotein lipase probably participates in the interconveréion
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of different lipoprotein classes. In vivo studies indicated that
after injectionbof heparin into lipemic patients the concentration
of the Sg 20-100 lipoprotein class décreased while that of ﬁhé Sf
10-20 class increasedv(h9).'This is in agreement with eaf1ier as
well as recent in vitro studies which all showed similar shifts in

VLDL distributions (from lower densities to higher densitieS) when

17.

VLDL were incubated in the presence of 1ipoprotein'lipasg (1, 2, 7Q).

Recently, LaRosa et al..(65), using more modern methods, studied
the effects of post—hepérin lipoprotein lipase activity on serum .
lipoprotein distributions. They found that injection of hepa?in
into subjects produced a reduction in plasma triglyceride and VLbLF
cholesterol, an increase in plasma free fatty acids and in LDL- and
HDL~cholesterol. Relative increases of cholesterol were greéter in

LDL than HDL. Furthermore, the concentration of HDL, isolated after

heparin injection,was consistently higher than before (at &G minutes -

after injection, the increase was from 1.89 mg/ml to 2.63 mg/ml).

Paper electrophoresis data indicated disappearanée of the prebeta

band, and an increase in mobility and sharpening of the élphé band.

Moreover, it was shown that the amount of apoLP-ala in the HDL
fraction'ﬁas increased during the:précess of lipolysis in serum;:
however, thi; was only qualitatively demonstrated by the'intensifi-
cation of the apOLP;ala band in immunoprecipitin reactions and
polyacrylamide gel electrOphbresis. Carboxypeptidése digestion of
the post—heparin plésma HDL fraction indicated‘a_threéfold “increase

of apoLP-ala. The above results support the idea that there is a
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shift of at least one apolipoprotein from the VLDL to the HDL frac-
tion dﬁfing hepariﬁ-induced intravascular lipolysis. HoWever, the
possibility that other VLDL apolipoproteins, such as apoLP-glu and

apoLP-ser, may also be involved was not excluded in these experiments.
f. Significance of Work Performed on Lipoprotein Lipase.

UndefAcohtrolled expéfimental conditions lipoprotein lipase
provides a unique means for studying lipid and lipoprotein metabolism.
Investigation of its interaction with lipoproteins promises to
provide us with é better understanding not cnly_of lipoprotein
structure and functibn, but‘aiso of the interaction between lipids
and'proteins.

Since lipoprotein lipase and LCAT are the only eﬁzyme systems
preseﬁtly knowﬁ which utilize substrates in serum lipoprotein form,
it.is pcssible that elucidation of the characteristics of one may
provide véluable information on the other. Fﬁrchermore, the hydrc—
1ycis of VLDL-triglyceride by lipoprotein lipasekmay produce higher
density by-product lip0proteins which are rich in the substrates
(lecithin and unesterified cholescerol) of LCAT. Whether the 4dctual
removal of'such by-product lipoproteins is depehdent on LCAT activity
is still unknown. Knowledge gained in this area will undoubtedly
" promote a better understanding of the mechanisms of lipoprotein

metabolism as well as of removal of lipoproteins from bloodstream.

IV. Lecithin: Cholesterol Acyltransferase (LCAT)




a. Historical Béckground.

In 1935 Sperry (111)'observed that during thetincubatioﬁ‘bf
either human,or‘dog plasma a decrease iﬁvfree cholesterol and an
increase in cholesteryl ester occurred. This iﬁitial observation
was laﬁer éonfirmed (67). LeBreton and Pantaleon (67) obtained
evidence ;hat the decrease in free cholesterbllwas accompanied by
a decreéSe in phOsﬁhplipid. Based on this result and other supple-
mentary data they proposed the presence in plasma of a lecithinase
and a cholesterol esterase thch promoted the hydrblysis of lecithin

~and the esterification of cholesterol in the fOLiowing manner:

Lecithinas

Lecithin — Glycerolphosphate + 2 Free Fatty Acids
Cholesterol + Free Fatty Acid Cholesterol Esterase4=

Cholesteryl Ester

In contrast to the view that the production of cholesteryl
esters was.broughtvabout by the combined action df a lecithinaée
and a cholesterol esterase, Glomset (37, 38) proposed that a single

acyltransferase was responsible for the overall reaction. Thus;

Lecithin +—Chblésterol-—£E££L a-Lysolecithin + Cholesteryl Ester

Supporting his argument Glomset observed 1) radioactively labeled

cholesteryl esters were formed in plasma incubated with Cl'%-linoleoyl
lecithin but not in plasma incubated with Ct*%-linoleic acid complexed
“to albumin (37), 2) during incubation of rat plasma, the fatty acids

esterified to cholesterol were: similar to those found in the 8
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position 6f lecithin:(SS), 3) when human plasma was incubated, the
molar change in lecithin content was similar to the change in

unesterified cholesterol content (38).
b. Site of LCAT Synthesis.

Although LCAT activity has been detected in various tissues,
the activity fbtnd in plasma is always several fold higher (41).
It has béen‘proﬁosed that LCAT may be synthesized or stored in
tissues as an inactive enzyme and»may be activated uPonvrelease of
the enzyme into bloodstream (43). The site ofvsynthesis of LCAT is

still not clear. Data obtained from evisceration studies indicated

that there was a decrease in enzyme activity in the plasma 11 hours .

after the operation (43). In this respect, liver perfusion studies
showed conflicting resulté. Quarfordt and Goodman (89) were not
ablevto detect LCAT activityrin rat liver when a 50% whole plasma
was used as perfusate; however, more recently, Simon and Boyer (109)

were able to show a low level of LCAT activity in rat liver when

~ a Kreb-Ringer bicarbonate buffer was used as perfusate. The latter

authors suggested that the discrepancy between their result and
that of the former authdrs was probably due to the masking of the
low liver enzyme activity by plasma LCAT activity when plasma was

used as the perfusing medium.
c. PossibievPhysiological.Function of LCAT.

Compared with lipoprotein lipase our knowledge of the physio-

logical role of LCAT is relatively meager. Since most lipoprotein

20.
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- surfaces are probably madeiup of a significant amount of phosﬁhdiipid cee

andbunestefifiéd cholesterol (h8),.changes ip:surface'com§o$iti9n-
resulting from ﬁhe transesterification’reactionvwill_no doubt;élter

' the-physiéal andrmetabolic properties of the-lipopfbteins; Thus,'it
has beéﬁ prOpoéed that LCAT might participate in the metébolisﬁ 6fv
VLDL by réguléting'the surféce content of polarylipids, an& as a
consequence, -enabling lipoprotein lipase ;o'intéragt with”the, ¢*’-
triglyceride moiety below the surface‘(IOB).'In SQpport of this idéa,v
Fielding (27) has demonstrated that the ;eactivity of lipopfopcin‘;
1ipasé witﬁ triglyéeride.emulsiéné wés sﬁrongly dependenﬁ 6n the
proportion of phoépholipid to triglyceride in the emulsipns. Further- .
more, addition‘of cholesterol to these emulsiohs“inhibited lipolytic

’ activity; substitution of cholesterol by'choleétefyl oleate‘reducéd
the inhibitory effect.

In‘additon to a possible role in VLDL metabolism, it has been
Suggestgd that LCAT may somehow be in&oived in;the'métabolism and'
homeostasis of cell membranes (43). When normal whole blood wasx>
incubafed in vitro, the cholesterol content of red blood cell;.

- showed a significant reduction associated with the esterification’

of lipoproﬁein cﬁolesterol by LCAT (75). This depletion of éholes;erol';
in red Blood cells was probably due to:a transferbof cholesterol

from the red blood cells tovthe lipoproteiné whose cholesterol had
been tfansesterified to'éhoiestet&l estété by LCAT. These.ébserVa-“

- tions suggésted a bossible pfoéésé”of cholesterol removal, involving

LCAT, which may participate in regﬁiétiﬁg'the cholesterol content '
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of red blood cells as well as other tisSues‘

Tt is now reasonably. well establlshed that LCAT is the main
enzyme system which is respon51b1e for the production of cholesteryl
esters in the bloodstream (hh) The role of cholesteryl esters. in
normal andvabnormal phy51ology 1s st111 obscure. Goodman (hé) has
suggested that cholesteryl esters may be a precursor of a number of
steroid hormOnes. li this is the case, it_isvvery boSsible that»LCAI

‘may bave a more:far reaching-physiological.influenCe than has‘been‘

proposed so far,

d. LCAT Deficiency and Its Implications to the Physiological Role:

of LCAT.

A small number ot people who are deficient ia LCAT has been
discovered recemtly in Scandinavia (52, 83, 84). Studies performed
on these patients havevprOVided valuable data on_tbe possible
physiological‘role of this enzyme in lipid and lipoptotein metabolism.
Patients_deficient in LCAT o5ua11y show a marked elevation of serum
cholesterol triglyceride and.lecithin,_and almost complete absence
of cholesteryl esters and lysolecithin. Their" ultracentrifugal serum
lipoprotein distributions are generally very abnormal .and are
characterized by extremely low concenttations‘ot HDL, and by eleva-
‘tions of VLDL. Furtbermore; thevcholesterol and‘lecithio content
‘of thesevpatients' red.blood cells are approximately twice normal.
The motphology of their red blood cells appears ‘abnormal also. In

“addition to the above abnormalities, a variety of other symptoms
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océurs.Which'may Q;' may not be directly associated with the

- absence of LCAT. These syﬁptoms include.anemia, pfotéinutia, corneal
opacity and the_appeérance of foam cells in both bone marrow and
‘kidney tﬁbules. | )

_'Moré detailed biochgmical studiés have been :écently performed
on the lipoproteins of these LCAT deficieﬁt patiénts (32, 85). Their
HbL fraction was separated into-a high molecﬁlér weight and é_low
molecular weight fraction on a Sephadex G-200 coluﬁh;-The high
molecular Qeigh£ fractioﬁ had a mean Fi.20 rate of approximately
T Svedberg'flotatidn units and elevated.amduﬁts of'phospholipid and
'unestérified cholesteroi. The low moleéulér weight fraction had an'
. Fi.20 faté that ranged from O t6-3.5 Svedberg'flqtatidn units, and-
normai lipid composition. When viewed in. the elecfron ﬁicrosc0pe
the'high molecuiar weight fractioh'showed a diécoidal strﬁétufé
with diameters ranéing from 150 X to QOOHX. The low molecular<Weight.
fraction.showed‘spherical structﬁreé with diameférs'ranging from
L5 X‘to 60'3. The LDL fractién of the patients was also separated
.into two different ﬁoléculaf.weight fractions in.a 2% agarose-column.‘
The.high molecular weightrLbL contained 4 to lb'times the normal
famoﬁnt of triglyceride, phospholipid and unesterified cholesterol,
and héd a meanrsf;rate‘equalﬂt§v5o Svedberg flotétion units. The
low moleéular weight fraction contained 1;5 tozj times the normal
amount of phoSpholipid and unesterified cholesterol, and 10 times

the normal amount of triglyceride. Its Sg rate was within the normal

range. Electron microscopy of the high molecular -weight fraction



indiééted iargg!flatfened sﬁfﬁctu?és_wifh.diame;éfé‘in’the‘rangé of
'900 2 t@bl;EOO . The low'ﬁolecular weight ffééfibn ;péeared normal
iﬁ size;and Shaée;- | | |

| ﬁaSed on the results df‘Eﬁe above s;udieé,:the presence of
'LCAT_actiQityiin thé Bloods&ream appérently'ﬁlayé én‘importént role
in regulatiﬁg the,liﬁid composi;iﬁn of Seruﬁ;:ln addition,_the
gross abnOrmaLitieé'of the uitratentrifﬁgai lipoﬁroteinfdistributioﬁs

in LCAT deficiency probably reflect the importaﬁ§e‘df‘LCAT activity

~in proyiding,thé:appropriate lipid components for maintaining normal

lipoprotein gisfribﬁtions'and_morphology;

J’One,interesting'aspect'in the study of‘LCAT'ﬂéficiency was the
apparent :oie of this enzyme in the exchange of lipids among various
élasses;of lipoproteins. Glomset. et -al. (45) have provided evidence

thatithg‘iipoproteinsvfrdm LCAT deficient patients could serve

jastgdbstrateS'for.this enzyme. Furthermore, they also demonstrated

that nofmalgtransfer of lipid moieties, promoted by LCAT, among -

different classes of lipoproteins could also take place among the

- lipoproteins of LCAT deficient patients. under appropriate conditions.

Thus,_it'is possible that. the gross compositionalxabhormalities’of

lipoptdtéins from LCAT defiéient patienté might'Be due, at least

‘pértiaily,toﬁa lack of LCAT . and resultant inability to’ promote °

the transfer of certain lipid components among the various classes

of lipoproteins. In this respect, it is interesting that the discoi-

. dal étrpctures seen in the HDL fraction of the LCAT deficient' -

patients could also be converted to the spherical appearance of

7
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normai HDL after incubation with the enzyme (33).
e. General Objectives of the Pfesent Thesis.

Altheugh a sizable amount of knowledge is being eécumulaped on
the interaction of LCAT with lipoproteins, the physiological role‘
of this»enzyme is Still speculative. The function_Of Cholesteryll
estefs in both normal and'abnormal'physi01ogy is etill uncertain.v“
Since LCAT activity is mainly responsible.for the‘proddction'of,this
compound invtﬁe bloodstreem}'elucidatien of the physiological Signi;
flcance of cholesteryl ester will probably reveal pertlnent 1nformat10n ,

“on the functlon of LCAT. The dlscovery of LCAT def1c1ent patlentsv |
has prov1ded valuable data on the interaction of - LCAT with 11popro£e1ns.
~ Additional studies in this area will undoubtedly provide insight
into various biochemical and physiological problems concerning the
folelof.LCAIvin lipoprotein metaboiism; |

vIn the preseet study, I‘prdpose to invesgigate various aspects
of interactlons between LCAT and 11poprote1ns, and between LCAT and
sonicated dlsperSLens of 1ec1th1n It is hoped that the results
of these studies may provide a better understanding of 1) the nature
ofVLCAT'S<interaction with its subserate, 2) the'nature‘of the complex
formed befween LCAT and its eubstraee, 3) the roie‘of 1ip9protein
apolipoproteins in the transesterificetiqn reaction ca;alyzed by
LCAT, and 4) the function of LCAT and its influence on lipoprotein

morphology as well as lipoprotein metabolism.



CHAPTER 2.

INTERACTION OF LECITHIN: CHOLESTEROL ACYLTRANSFERASE (LCAT) WITH SERUM

HIGH DENSITY LIPOPROTEINS (HDL) AND SONICATED DISPERSIONS OF LECITHIN
I. Background and Objectives
a. HDL as Primary Substrate for LCAT in Human Serum.

During incubation of human serum, the substrates of LCAT are
the unestérified cholesterol and lecithin of the serum lipoproteins
(39) . When each of the three major classes of serum lipoproteins is
incubated separately with a partially purified LCAT preparation,
the higﬁest esterification rate has been observed with HDL followed

by LDL and VLDL (3, 42). On the other hand, the largest increase

'in cholesteryl ester content is detected in the LDL fraction even

though this lipoprotein by itself serves poorly as substrate (3, 39).
Since it has been shown that lipid components do transfer between

the major lipoprotein classes, the occurrence of an increased

cholesteryl ester content in LDL after incubation of serum is

probably due to a redistribution of product cholesteryl esters among
HDL and LDL (44, 77, 92). Based on these results, it is evident

that HDL are probably the preferred substrates of LCAT even though .
most of thé product cholesteryl esters are found in the LDL fraction

after incubation of serum.

b. Changes in Physical and Chemical Pfoperties of HDL Following

Interaction with LCAT.
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Since the surface structure.of HDL”probabiy‘iﬁcludes‘a signifi-

cant amognt of phospholipid and ﬁnegﬁe;ified cholesterol (48),

changes in surfaée compoéition mediated by LCAT will no doubt alter
thé physical chemical properfiés of these lipopfoceins. In support

of this, Clomset et al..(h2) have shown that sefum HDL could be
separéted into subfractions of different cholesterol and lecithin
contents. Subfractions whose lecithin content was high tended to be
eluted at the lower molecular weighﬁ region from a gel filtration
column than fhdsg whose lecithin content was ldw; Since the reaction
catalyzed By LCAT promotes the breakdown of 1eci£hin, it Qas‘

- suggested that LCAT might be responsible for the p;oduction_of the
lecithin-poor subfractions of HDL. The reason why the lecithin-poor
subfraétidns had higher moleCUlér weights than the lecithin-rich
subfractions is still unknown. Glomset et al. (42) suggested.that
this was possibly due to the aggregation of HDL_thse lecithin and
cholesterol.had undergone transesterification. Whéh whole human
serum is incubated fof 24 hours at 5700, a shift in the high density
lipoprotein ultracenirifugal distribution from HDL; to HDL. has
been observed by Nichols et al. (79). No definite conclusion has
been made whether such shift is due to LCAT activity or not.

Furthér evidence demonstrating that LCAT aetivity can promote
structural changes in abnormal HDL as well as normal HDL has been
obtained during stqdyvof LCAT deficiént serum. When the HDL fraction
.of patients with LCAT deficiency was observed upder electron

microscopy, disc shaped particles (aggregated into stacks) were




the predominaﬁt stfucture:'Upon incubafioniﬁith a LCAT preparation
a conversion of the discoidal structﬁres:to spherical pértiéles
resembling normal HDL resulted (Figdre 1) (33). This pﬁenoﬁénoﬁ was

. probably bfought about by the convefsioh of'choiesterol to cﬁolesteryi
esters, and the subsequeht reorganization of HDL apolipoproteins and
polar molecules around the newly‘forﬁéd apolaricholeétefyl>é§ter
core. From these results, it is possible thaﬁ thé~transes£efification
reaction catalyzed by LCAT might be crucial ih determiningvfhew

“.normal morphology of HDL.
c. Factors Influencing the Reactivity of HDL with LCATW

" The pﬁysical'chemical factor or facfors responsible for the
_apparently.high'reaCtiQity of HDL as substrate for LCAT is not
»clear;_HOﬁever, in view of the high lecithin to ﬁnesterified choles-
terol molar raﬁié'in these molecules, it has beén suggested that
structurél afrangémenté of lipid cdmponentsvod 1ip6proteih sur}éce

“may be critiéal in promoting the apprOpriatéAoriéntation of subst-
rates at the catalytic‘Sité'(Bl).'The recent demoﬁéfration:of
specific apolipoproteins within the different clésseé of lipoproteins
suggests the possibility“that the apolipoproteins»of HDL may also
play a role ih‘enhancingvthe‘réaétivify of these lipoprotéins
against LCAT. In support of this idéa; Akanuma and Glomset (ﬁ) have
obtained evidence deomonstrating the bindihg of LbAT>activifyvt6

both native and delipidated HBL.  °~ - e

d. Complex Formation of HDL with LCAT.




FIGURE 1
TRANSFORMATION OF d 1.063-1.21 gm/ml FRACTION FROM LCAT DEFICIENT
PATIENT AFTER INCUBATION WITH SERUM LCAT ACTIVITY.



Plasma - LCAT enzyme incubation
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(d 1.063-1.21) (d 1.063-1.21)
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Evidence denionstrating the formation of a stable complex
between LCAT and HDL has been confiicting._Gloméct;(§9) and Lossow
et al. (72) have reported therﬁresence of LCAT activity in association
with Hvaof both hﬁman and rat sera. However, moré:recently Raz et al.

{

(90) have.suggeéted-that such enzyme activity, associated with
ultraqéntrifugally isolated'HDL, might be due to contaﬂinatién ’/,/w///# e
resulting from incomplete ultracentrifugal flqtation of HDL from
LCAT aétivity'in serum. Nevertheless, it is still possible, as
suggéétédiﬁy\@az et al. (90), that HDL might fsfm a complex with the
enzymevin'plésma; but that during the process of repeated ultracen--
trifugal.fiotation“at‘high ionic strength sucH complexes are
‘dissociated. Akanuma and Glomset (4) have demonstrated complex
formation, at low ionic strength, between LCAT and HDL when the
llipOproteins were attached to agarose. |

Although data on the conditions promoting thevassociation of
LCAT with'HDL are still accumulating there are strong evidences
from studies on 6thef enzyme-lipid substrate syétems showing that
complex fofmacion'does occur and is strongly iﬁfluenced by wvarious
environmental factors.vThus, phospholipase A (2}) and serumilipo-
. protein lipase (16) $thed no association'withltheif lipid substrates
at low pH;-and maximum association at or near neutral pH. In the
VCASe of lipoprotein lipase, the -addition of 1 M NaCl prévented
the forﬁation.of an enzyme—chylomicron'compléx (16). Lossow et al.
(72) have shown that éignificantly highér'amounts.of LCAT activity

could be ultracentrifugally floated within the HDL fraction when
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rat seruh was‘procéssed"at d 1.21 gm/ml in a solution of D20 and

- NacCl iﬁstead of H»0 and a greater amount- of salt. Judging from

their résults, the association between LCAT and HDL appears to be
sensitive primarily to the ionic strength of the medium.

Currently there are no data on the nature of the specific forces

 that bfing LCAT and HDL together. In the case of phospholipases,

it has been shown that the binding of the_enzyme_onto,micéllar

phospholipid substrates is highly dependent on the surface charge . ...
characteristics of the micelles. PhdSpholipase C will not hydrolyze
emulsions of leci;hih unless long chain cations (e.g., cetyltri-

methylammonium bromide) have been incorporated into the emulsions

' (13).:Op the other hand, phospholipase B will only hydrolyze emulsions

of lecithin which bear a‘net negative éiectrdkinetic poéential (12).
Bangham (14) has suggested that the specific charge on the substrate

surface might promote the binding of an oppositelyvcharged enzyne. .
e. Interaction of LCAT Activity with Model Lipid -Substrates.

Recently, in this labofatory, sonicated dispersions of mixtures
of lecithin with unesterified cholesterol have been shown to be

effective substrates for LCAT activity associated with the ultra-

centrifugal d>1.21 gm/ml pfotein fraction (81). The d>1.21 gm/ml

protein fraction was obtained after ultracentrifugal flotation of

- the serum lipoprdteins. Electrophoresis of this preparation showed

only trace amounts of alpha lipoproteins; however, the presence of
HDL apolipoproteins (especially the majbr HDL apolipoprotein,

apoLP-gln I) was not excluded (6).
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When sonicated dispersions of mixtures of lécithin with unesteri-
fied cholesterol were used as substrates for>LCAT; it was discovered
that théir geactivity_was.highly dependent on the ratio of lecithin
to ungstefified cholesterol (81, 91). At a molar ratio of one
lecithin molecule to one cholesterol mqleculé,'é low aﬁount of
transesterification’was détected; and at a ratio 6f three or more
‘leqithin ﬁolecules to one choiésterol molecule significantly higher
amoﬁnﬁs of transesterification occurred. Thevauthbrs suggested that
such a ratio might_bg‘critiéal_in miﬁicking-an HDL;like surface
structure}(Bl)..In support of this idea, initial reaction rates
obtained when sonicatea dispersions of mixtures of lecithin with
unéstérified cholesterol were used as substrates compared favorably
with those'obtained when HDL were uéed as Subsﬁfates (81). The
influence of the HDL apoiipoﬁroteins, probably present in small
vamounts in'the d>1;21vgm/m1 proﬁein fraction, on the reactivity of
the‘éonicated-diséersions.of 1ecithin with cholestgroi was not

established (81). -
f. Specific Objectiﬁes of the Present. Chapter.-

In view of the maﬁy remaining unanswered questions cbncerning
the interaction between HDL and LCAT, and between sonicated disper=-
éiOnS of specific lipids and LCAT we decided to-investigatg‘the
féilowing: 1) to.determine thé uitfacentrifugai préperties of
serum LCATIactivity; E)jto“éénfirm if aéd,under‘whét conditions
complex formétidn.bétween HﬁL aﬁdﬂiéAT'dcchs, 3) to investigate

formation of complexes between sonicated dispersions of phospholipid
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and LCAT, and L) to determine the properties of such phospholipid-

LCAT complexes:

II. Materials and Methods
a. Preparation of Ultracentrifugal d>1.21 Protein Fraction.

Blood was drawn from healthy male and'fémaié éubjects and-
;allowedtoicidt at room température for approximatély 2 houré. The
Eclot was separated from serum. by centrifugation‘étBOO X g, for
:257minﬁtéé, at 4°. The freshly prepared serum:was-réised to a
- salt background densit& of 1.21 gm/ml'by additioﬁ of solid KBr.

Six mlvaliQuots of this adjusted serum were pipettédAinto prepara-
five uitracentrifuge tubes and ultracent:ifuged at 114,000 X g, iGCC
for 48 hours. After ultracentrifugation, the top 5'm1 containing
essentially all ofgthe serum lipoproteins were removed. The bottom
3 ml were stirred,vpooled and dialyzed against either O;Ql‘M
phosphate buffer or 0.0l M Tris HCl buffer (both of the buffers
were at pH 7.4 and contained C.1 mg/ml EDTA and various.amounts of
%NaCl). After dialysis; fhis ultracentrifugal d>1.21 protein fraction

was used as the source of LCAT activity.
b. Preparation of Lipoprotein Fractions.

Lipoprotein fractions were isolated from serum by sequential

'>u1tracentrifugal flotation. Six ml aliquots of serum were pipetted

into preparative ultracentrifuge tubes and ultracentrifuged at

'114,000'X g, 16% for 18 hours. The top 1 ml, containing mdStly




VLDL, was pipétted'off and dialjzed against appfopriéte buffer for
subséqﬁéntAuse. The next 1 ml was pipetted and discarded. The back-
ground Salt‘soihﬁionfdensity.of the.bqttom N ﬁl was then adjusted
ﬁo d 1.063 gm/ml'by addition of 2 ml of an aﬁprobriate NaBr-NaCl
solutionf After soiubilizafion of .the packed prq;gin in ;he bottom
*of'thé'tuﬁé (by gentle roéking of the tﬁbe) the mixture was ultra-
centrifuged at 114,000 X g, 16°% for 24'hours};Tﬁevtbp l.ﬁl, contain-
ing LDL,‘was collected and the second 1 ml was'diécarded. The bottom
L ml were adjuéted to a background salt'solutiog density of 1.21 gm/mi
by addition of 2vmi of an approbriate NaBr-NaCl' solution. After
solubilization pf the packed proteih, the 6 ml_mixture was ultra- v
centrifuged at 114,000 X g, 16°C, for ok hoursivThe top 1 ml,
" - containing HDL,.was collected as before. B ~

An alternate procedure‘for isolation §f serum lipoproteins was
to ﬁtilize the total lipoproteinufraction'generated by ultracentri-
‘fugationuof serum at d 1.21 gm/ml during prepafétion of the d>1.21
proteip'fréCtioh. Thus, the top 1 ml, containiﬁg essentially all
of the serum lipoproteins, was coilected;'pooleéband dialyzed
againspian NaCl solution of é 1.06% gm/ml. Six ml éliquots of this
lipoprotein solution'wére piﬁetted into pfeparatiQe ultrécentrifuge
tubes and ultracentrifuged at lih,OOO X g, l69q,’fbr 24 hours. The
top.2-m1, containing both VLDL'énd LbL, Were’pipgtted'first; then
the.bottOm 2 ml, containing phe HDL; were collected dropwise by
puncturing a small hole in fhe bottom of the ultrécentrifuge tube.
Sepdfation of VLDL.from LDL was achieved by éubéequent ultracentri-

fugatibn of the pooled top 2 ml fraction at d 1.006 gm/ml under the
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conditions already described.

. c. Preparation of Sonicated Dispersions of Lipids.

‘Desired 1evels.o£'Vari§u§ iibids dissblved_ih.éhlqroform or
absolute éthaan_weré introduced into sonication Vialg (20 mi thick
wall.glaés‘tuﬁes) M, S. E.,Ltd.,‘London). After évapofation'of
solvent uhder a gentle étream of Np, apprdpriate‘amounts-of either
0.01 M’phbsphate.buffér (pﬁ 7.h, with 0.1 mg/ml EDTA)rof 0.01 M
Tris HCl buffer (pH 7.4, with 0.1 mg/mlvEDTA)'Qefe added. The contents

were sonicated for 10 minutes using an ultrasonic. disintergrator

L " (output power, 60 watts; frequency, 18,000»20,000 Hz; Model no.

3000, M. S. E. Ltd., London). During sonication the vials were cooled

in an ice bath. The sonicated dispersions were usually used within

several hours after preparation.

d. Preparation of Sonicated Substrates for Assay of LCAT Activity.

»SubStrates used for assay of LCAT activity were prepared by
sonication of a mixture of egg lecithin (General Biochemicals,

Chagrin Félls, Ohio) and unesterified cholesterol (Supelco, Inc.,

fBellefonEe,.Pa.) containing a small amount (usually 8000 to.50,000
dpm, 15 mCi/mmole) of H®-cholesterol (New England Nuclear, Boston,

Mass.) in either 0.0l M phosphate buffer or 0.01 M Tris HCl buffer

(bqth contained 0.1 mg/ml EDTA, pH 7.4). The molar proportion of
lecithin to cholesterol used was 6 to 1. The lecithin concentration

in the final assay medium was 0.5 mg/ml, and the cholesterol
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concentration was 0.0l mg/ml.
e. Determination of LCAT Activity in Samples.

Net estérification yield of cholesteryl ester in the assay system
(incubated oL hours, at 37°C) was used, except when oﬁherwise
specified, as an approximate_méasure of the amount of enzyme present.
Usually‘thé assay média contained equal volumes of enzyme preparation
and sonicated substrate. The percent cholesterol esterified was
deterﬁinea from the amount of ﬁa-cholesterol con?erted to Hafcholes;
teryl esters.

In separate experiments, it had been shown'tﬁat'thé amount
of cholesterol estéfifiéd during a 2k hour incubation pefiod wés
directlyvbrobortional to the amount of enzyme_prééent. These results
are. shown inzFigure 2.

f. Liﬁid Analysis.-.

.

Lipid extractions were carried out either by'the'modified me thod
of Spérry and Brand (112), ér by a procedure (Qtilizing ethanol and
ether) developed fér extraction of samples containing sonicated
~.dispersions of lipids (as described below). Bdth.methods produced
' comparéblé results. The following is an ouiline_of'the_ethanol—ether
extraction.précedure. One ml of sample, containing sonicated dis-
persions of lipids, wés shaken vigorously with 2 ml of absolute .
ethanél, then 1 ml(of'disﬁilled water was'added; and the mixture

shaken again. The final ethanol-water mixture was extracted with



FIGURE 2 |

EFFECT OF DILUTION OF d>»1.21 PROTEIN  FRACTION ON % CHOLESTEROL
ESTERIFIED IN ASSAY MIXTURE.

d>1.21 protein fraction (in C.Ul M phosphate buffer, pH 7.4, contain-
ing 0.26 M NaCl and 0.1 mg/ml EDTA) was diluted with heat inactiva-
ted (56°C for 1.5 hours) d>1.21 protein fraction (in the same buffer).
One ml of_che mixture was incubated with 1 ml of sonicated substrate-
(in 0.01 M;phosphate buffer, pH 7.k, containing 0.1 mg/ml EDTA) for

a period of 24 hours at 37°%. The amount of cholesterol esterified

was determined as described in Materials and Methods.
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20 ml of diethyl ether. The remaining'aqueous phaée was re-extracted
with 5 ml of diethyl ether. The ether extracts thus'éﬁtained were
pooled and blown‘down>Uﬁder a gentle stream‘of Ng;

The lipid ektraéﬁs obtained from the abové prpcedures were
dissolved in either hexane or chioroform, and chromatdgfaphed on
either silicic acid'célumﬁs (Bié Rad Laboratories, Richmond, calif.)
or instant thin layer chrgmatographic media (Gelman Instrument Co.,
Ann Arbor, Mich.) for separation of lipid combonents (usually
cholestefyl esters, unesterified cholesterol aﬁdJiecithin). The
splveht used in silicic acid chromatography was simiiér to that
déscribed by Hirsch and Ahrens (56), and thé sblvent system used
for thin layer chromatography.was'ﬁ% diethyl ether in cyclohexane
(v/v);:Béth cﬁromatographic methods gave satisfactory and comparable
. results. Since the thin layer methodvWas more rapid and gave adequate

separation, it was used almost exclusively in all of the experiments.
g. Radioassay.

Lipidvfracfions obtained.from silicic acid chromatography were
collectéq difectly int; scintillation vials. After evaporatién of
the‘eluting solvent underbNg, scintillation fluid‘(bmnifluor, New
‘England Nuclear, Boston; Mass.) was added. Counting was performed
in a Nuclear‘Chi;agé Mark I.liquid scintiilatidn_spéctrophotbmeter.

When 1ipid coméonents were separatéd on instant thin layer
media, the locations of_thé various fragtionsvwefe first visuélized

by exposure to I vapor. The regions corresponding to individual




i oy | % 4 8 it L B
Lhoad 0 I L B RS B

lipid'components were cut out and put into scintillation vials.
After addition of scintillatién fluid, counting.was done in the same
equipment as previously described. |

All samples were counted at least to an error of 1eés’than‘h%
at the 95% confidence level. Quenéhiné'dnd efficiency of counting

were determined by.additidn of H®-toluene as internal standard.
h}'rrotein Determinations.

The concentration of protein was determined either by the
method of Lowry et al. (73), or by measurement of the absorption at

280 mu. In both cases bovine serum albumin was used as standard. -
i. Molecular Sieving Chromatography.

Columns containing Sephadex G-200 (Pharmacia’Fine Chemicals,
Uppsala, Sweden) Wefe packed.according to instructions furnishedv
by thé manufac;urer._All columns were washed ektensively with
double distilled water and either 0.01 M phosphate buffer or C.01 M.
Tris HCl buffer (both buffers were pH 7.4 and contained C.1 mg/ml
EDTA and either 0.19 M NaCl or 0.26 M N;CI) before sample application.
All chréhétographié pfoéedﬁreé were done at L°C unless ogherwi;é
stated. Flowv;ate'was regulated by a metering pdmp (Instruﬁentation
Sbecialtiés Co., Inc., Lincoln, Nebraska), and Ehe_efflueht continuously
monitdred ét 280 mﬁ by an ISCO recorder (Instrﬁmeﬁtation Specialties

Co., Inc., Lincoln, Nebraska).

j. Polyacrylamide Gel Electrophoresis.



Polyacrylamide gel (7%) containing 1.7% MBA (méthylenenbis-
acrylamide) was prepared in glass tubes (0.6 cm X 8.C cm) according
to methods described by Davies (22). Samples (containing 50 to 100
ug of protein) mixed with a small amount of tracking dye (bromophenol
blue) and sucrose were layered on top of the gels. Electrophoresis
was performed in a Hoefer electrophoretic cell (Bio Rad Laboratories,
Richmond, Calif.) at 1.5 mA/tube. The buffer in the upper and lower
electrodes was 0.05 M borate buffer (pH 9.0). After electrbphofesis,
gels were remqved'from the glass tubes and fixed and stained for 2
hours in a soluﬁion containing 0.25% Coomassie‘brilliant blue (w/v)
(Colab Laboratory Inc., Chicago Heights, I11.), 45% methanol (v/v),
and 9% acetic acid (v/v). Removal of excess dye was done electro-
phoretically on a Canelco destaining apparatus (Canelco, Rockville,

Md.). Stained gels were stored in the destaining solution.

III. Results
a. Association and Dissociation of Serum LCAT Activity with Lipoproteins.

After ultracentrifugation of human serum, adjusted to a back-
ground salt dénsity of 1.21 gm/ml, the bulk of LCAT activity was
found to be in the middle (é ml) and bottom (3 ml) fractions
(Tatle 7). Furthérmore, when each fraction was evaluated for lipo-
protein content, the top fraction contained essentially all of the
serum lipoproteins while the middle and bottom fractions contaihed
only slight to trace amounts of HDL.

From the results described in Table 7, it is evident that the



TABLE 7 . : .
DISTRIBUTION OF LCAT ACTIVITY AFTER ULTRACENTRIFUGATION OF WHOLE
SERUM AT d 1.21 gm/ml (in KBr). |
Whole serum was adjusted to d 1. 21 gm/ml by - addltlon of solid KBr.
Six ml aliquots of the serum we:e pipetted into preparative ultra-
centrifuge'nubes, and ultracentrifuged for 48 hocrs, at IOOC and
114,000 X g. Fractions, in volumes indicated, were collected after'
ultracentrifugation, and éubsequently dialyzed agalnst a’0:01 M
Tris HCl buffer (pH T.4; containing 0.26 M NaCl and O. 1 mg/ml FDTA)

Enzyme act1v1ty contained 1n each fractlon was assayed according to

procedures ‘described in Materlals and Methods.

Ultracentrifugal

Fraction from Top

(ml)

%_of Total Enzyme.

Activity in Tube

:Lipoprotein

Contentl

Otol

1 to3

3 to 6

L.6

1.9
53 .4

Most of the serum

_ lipoproteins

Trace amount of HDL

lvDemonstrated by agarose electrophoresis.

- Slight amount of HDie
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bulk of LCAT activity in serum could_be separated from the 1ip6pro~
teins using the ultracentrifugal‘proéedure described here. Our
resulfs are in general agreemeﬁt with those of Lossow et al. (72),
Raz et al. (90) and Suganor(115). In-LossoQ et al.'s experiments
they demdnstrated thét'by lowering the ionic strength of the ultra-
centrifugal medium a significént amoﬁnt of LCAT activity,‘associated
with tﬁe HDL fractién, could be ultracentrifugally floated at
d 1.21 gm/ml. In order to evaluate‘if LCAT'activity,'as fouﬁd in the
‘d>1.21 proteiﬁ fragtion, could're-asséciate with lipoproteins under
kﬁiiderVCOnditions (i. e.,ﬁlow'ionic strength, no'ultracenﬁrifugation,
and optiméi pH) the follbwing series of experiments was berformed.
Tﬁe d>1.21 protein fraction was chromatographed on a Sephadex G-200
001umn,'and the protein and LCAT activity.profileé détermined
(Figure BA). The same amount of d>1.21 protein fraction was then
- mixed with HDL (appfoximétely.h.o_mg/ml in the final mixture),
iﬁcuﬁaﬁgd for 0.5 héurs, at 57QC, and chromatographed én the same
column under identical conditions (Figure 3B). In the présence of
added HDL, the distribufion of LCAT ac&ivity shifted from the third
élﬁting proteiﬁ peak to tﬁe secbnd elp;ing protein peak (Figure BA
~ and ij.‘Since HDL, when run by itselﬁ,was éluted in the region of
the second eluting protein peakv(57), it is evident that an associé-
‘tion of LCAT with HDL did occur undef the above chromatographic
éonditions.

Iﬁ order:to‘determine if conversion of HDLécholéstéfbi to

cholesteryl esters has any effect in changing LCATfs affinity for
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FIGURE 3

ASSOCIATION OF LCAT ACTIVITY WITH HDL. EVALUATION BY CHROMATOGRAPHY
ON SEPHADEX G-200. ' ' }

Molecular . s1ev1ng chromatography on a Sephadex G-200 column was
carried out accordlng to the condltlons descrlbed below. Column
dimensions, 2.5 ecm X 100 cm; flow rate, 20 ml/hour, volume of

sample, less than 29 of bed volume; volume of each fraction, 16.8 ml;
direction of flow, ascending; temperature, 4°C; eluting buffer, 0.01
M Tris HCl, pH 7.l, containing 0.19 M NaCl and 0.1 mg/ml EDTA. |
Concentration of protein in the effluent was continuously monitored
by abébrption at 280 mu, and enzyme activity in each collected
fraction was determined b& procedure described in Materials and-
Methods. Chromatogram A: sample consisted of 5 ml of d>1.21 protein
fraction (47.8 mg protéin/ml; in 0.0l M Tris HCL buffer, pH 7.k,
contaiﬁing 0.19 M NaCl and 0.1 mg/ml EDTA). Chromatogram B: sample
consisted of 5 ml of d>1.21 protein fraction (47.8 mg protein/ml;

in 0.01 M Tris HC1 buffer, pH 7.4, containing O. 19 M NaCl and 0.1
mg/ml EDTA) mixed with 1 ml HDL (2k mg/ml, in same buffer) and
incubated at 37°C for‘5o minhtes_prior to application onto column.
Chromatogram C: sample was the same as chromatogrém B, but was

incubated for 36 hours before application onto columnt.

1 The low LCAT activity in the collected.fractionsbprobably resulted
from unavoidable prolonged storage prior to assay of_énzyme activity.
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the lipoproteins, the following experiment‘was-péfformed{kThé:d>1.21
protein fraction was'firstiinéubated with HDL for 2¢& houré'pfior
_tOVChrématography.'As indicafed in Figure 3C, iCA?]aétivity was

still aééociate& with the HDL peak even though méét 6f the cholesterol
was‘ésterified. In this case, the'dist;ubution.ovaCAT activity was
shifted to. the higher moleéular weigﬁt region'of the HDL peak. Since
'Glomset_étbal. (42) have éuggested that after transesterification
HDLJtendfto aggregate, the presenf observation was progably}due.to
thé.assoéiation of LCAT activity with the larger;"p;oduct” HDL. The
reasoﬁ Vﬁy'HDL become larger affer transesterification is still
upcergain; Since there 1s a decrease in polarxiipia content and an
increaée'in apolarilipid content in these molecuies after trans-
esterifi;éﬁiou, it is possiblé that the change ih size or éggrega,
tion of HDL may reéult from reorganization of 1ipid‘componénts within

the lipoprotein molecules.

,b.-Ultfacentrifugai Distributioniof LéAT Activity,Following
Incubation of the d>i;21 Protein Fraction with Soﬁicated DiSpérsions
of Lecithin. Study Performea in Sucrose Médiuﬁ“of'd 1.065 gw/ml.

The ;ssocié;ion of serum LCAT activity'with'its'preferred-
'substrate; HDL, under specific experimental cénditions has been.
deﬁonstratéd_in the present‘workvas Qellhas in a number of earlié?
reports (39, 72).vFurthermore,~sonicateﬂ-diSpersions of m;xturés of

choleSterol and lecithin have been shown ‘to be Compérabie_to HDL

as substrates for LCAT (61, 91). Since. these. sonicated dispersions



of mixfures of lipi&s do not contain aﬁélipOprdpeins'and have
physical_and.chemital_characteristics quite difﬁérént from native
HDL, it was of interest to ascertain whether LCAT has‘similaf.affinity
" for such disperéions as it does for native HDL.
vSincé'there_is_strdng evidence indicating ﬁhét the association

befwéen LCAT and HﬁL is sensitive to high‘ionic.sttength (72);
I decided to ﬁsé sucrose instead of salt (such as KBr) for density
adjustméﬁt in an ultfécéntrifugal study on Ehe.interaction of LCAT
activity'with sonicated dispersipnsvof lecithih. it was hoped that_
by keeping the ionic strength of the ultracenfrifﬁgai'media 1ow,

a stablé.associatiOn between LCAT activity and‘sbnicatedvdiSpersions
of_leciﬁhiﬁ would occur.

| Theteffect of prior incubation of the d>i.21 pfotein fraction
with soniéated diépersions of lecithin on the u}tracentrifugal
.distributién'of‘LCAT activity is described in.Table 8. Although
théfevwas a marked reduction in overall activity invthevultracen-
htrifugél fraétiéns, there was a clééf shift of égtivity towards the
top fractipns during‘ultracentrifﬁgation;.ThéSe défa indicated

that the enzyme was forming a complex with the leCiqhiﬁ dispersion,
since,without preincubation with lecithin,diépersion negligible |
activity wasvfouﬁd-in fhe top fraction; The reaéonffor fhe drasﬁi§
”reduction in overall enzyme.aCtivity in the séﬁpie>preiﬁcubated
with lecithin was not immediately apparent. Gicmset{(58) has shown"
that the sulfhydrylvgroup_of gfoups>in'fhe enzyme-arevéésentiéll

for activity. Since these groups are rather labile and can be




"TABLE 8 v . .
 ULTRACENTRIFUGAL (d 1;065:gm/m1¥sucrose) DISTRIBUTION OF LCAT ACTIVITY:
EFFECT OF PREINCUBATION OF d>1.21 PROTEIN FRACTION WITH LECITHIN DIS-
PERSIONS. . | SRR

Two mIAof th;7d>1.21 protein fraction (in C.Oi M‘phOSphatetbﬁffer,

pH 7.4, containing 0.26 M NaCl and 0.1 mg/ml EDTA):were preincubated
(37°C, 0.5 hours) with 2 ml of a sonicated dispersion of lecithin
(5.0 mg/ml; in 0.01 M phosphate buffer, pH 7.4, containing 0.1 mg/ml
EDTA) . After preincubation, the mixture was cooled in an ice bath

for approximately 10 minﬁtes. de'ﬁl of 0.01 M phosphate buffer, pH
7.4, containing 0.26 M NaCl, 0.1 mg/ml EDTA and sucrose, was added.
The final volume was 6 ml and density was 1.065 gm/ml. The mixture
wdas ultrécéntrifuged at llh,OOO:X g, 4% for 2l hours. Three 2 ml
fractions were collected after ultracentrifugation (designated as
top,vﬁiddle and bottom fraction) and subsequently dialyzed against
the above phosphate buffer without sucrose. One ml of the sonicated
substrate (in 0.01 M phosphété buffer, pH 7.., containing 0.1l mg/ml
EDTA) was added to 1 ml aliquots of each of the ultracentrifugal
fractions and incubated at 37°C for 24 hours. Radioassay for extent

of esterification was performed as described in Materials and Methods.

Ultracentrifugal N % Cholesterol Esterified -

Fraction Expt. 1 (A)* Expt. 2 (B) Expt. 3 (C)

Preincubated with lecithin

Top | | 8.0 11.3 3.2

Middle | 1.4 2.5 2.0
Bottom o ' - 0.9 ' 3.0 o 0.9
' v - Control, preincubatedfwifh phosphiate buffer
Top - 0.3 '
Middle 9.0
Bottom ﬁ _ . 70.1

1 letters in parentheses in this and Table 9 identify. donors from

whom sera were obtained.



readily oxidized, it is possible that the decrease in activity in
the ultracentrifugal top fraction was due to oxidation of these
groups at the éir¥1iquid_interface; In an effort to restore enzyme

activity in the fractions, we exposed them to mercaptoethanol prior

to assay.

c. Effect of Prior Treatment with Mercaptoethanol on LCAT Activity

in Ultracéntfifugal (d 1.065 gm/ml-sucrose) Fractions.

Prior treatment of the ultracentrifugal fraéﬁions with 0.C1 M
mercaptoethanol as described in Table 9 resulted in a marked increase
in the amohnt of LCAf activity-deteéted in all fraétiéns (Table 9).
Although the total activity of the lecithin—ptéincubated fractions
was still significantly lower than the total activity in the control
'fractiQns, the bulk'of enzyme activity was cleariy in the top
fractién.:The possibility that the lower activity might have resulted
from‘remq§al éf a facfor during'ultracentrifugéﬁiOn was evaluated
by the foilowing récombinatioﬁ experiment. Thesfhtee fréctioﬁs obtained
from Qit?acént;ifugation wereirecombinéd and assayed (Tablele).
The'acﬁiﬁify-of thevréCOmbined mixture?’ was still about éne—half
that.éﬁ“the recombined control mi#ture. This reduction in enzyme
activity may pbssibly havé been due to an inhibigory effect of the
high level of lecithin presént (introduced for flétation‘of the
enzyme) in the assay medium.

1 All fractions were pretreated with 0.0l M mercaptoethanol before
recombination. o :

50.
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TABLE 9 | - |

EFFECT OF MERCAPTOETHANOL ON ASSAY OF LCAT ACTIVITY IN THE ULTRA~-
CENTRIFUGAL (d 1.065 gm/ml-sucrose) FRACTIONS. " -

All fractions were collected and prepared as described in Table .8
except for the.dialysis procedure. After the fractions were collected
from the ultracentrifuge tubes, they were first.dialyzed for 12
hours agaiﬁst a 0.01 M phosphate buffer (pH 7.%)'¢Ontaining_0.26 M
NaCl, 0.1 mg/ml EDTA and 0.0l M mercaptoethanol. The unreacted |
mercaptoethanol was removed by dialysis against.the same phosphéte

| buffer, but without mercaptoethanol. Enzyme assay was then performed

as described in Materials and Methods.

Ultracentrifugal ' % Cholesterol Esterified

Fraction Expt. 1 (B) - Expt. 2 (C)

Preincubation with lecithin

Top | | 43,1 33,7

Middle | - 10.1 | 15.0
Bottom : 6.8 ‘ © 7.0
Control, preincubatéd with phosphate
, v buffer
Top . o 0.3 0.2
Middle’ | S 381 315

Bottom - 8k.0 | o 80.0




TABLE 10 »

EFFECT OF RECOMBINATION OF ULTRACENTRIFUGAL (d_‘ 1.065 gm/ml-sucrose)
FRACTIONS ON LCAT ACTIVITY.

One ml of each ultracentr1fuga1 fraction (1n 0.01 M phOSphate buffer,
pH T.4, contalnlng 0. 26 M NaCl and 0.1 mg/ml EDTA) was recombined
with the other two as indicated. A 1 ml aliquot of the recombined
mixture was then incubated with 1 ml sonicated substrate (in C.0l M
phosphate buffer, pH 7.4, contalnlng 0.1 mg/ml EDTA) for 2k hours

at 5700 ‘Radioassay of enzyme act1v1ty was performed as described

in Materials and Methods.

Ultracentr1fuga1 Fraction in % Cholesterol Esterified

Final Incubatlon Mlxturel

v  Preincubated'with lecithin
Top + Middle + Bottom : 35.0

Control, preincubated with
phosphate buffer

Top + Middle + Bottom | 64.3

1 A1l fractions were pretreated with 0.01 M mercaptoethanol before

recombination.
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d. Evaiuatibn of the Effect of Excess Lecithin on Assay of LCAT Activity.

In the experiments described abové, the possible effect of
high amounts of lecitﬁin,'introduged for flotétion of LCAT activity?,
“on the asséyvof enzyme activity was not considered. A series of
experiments was performedbto evaluate the effect‘of addition of
different coﬁcentrations of sonicated dispersions of lecithin on
LCAT.aCtivity associated with the d>1.21 protein'ﬁraéciont The same
radioaséay'method was used as-déscribed in Materials and Methods.
Af;ér preihcﬁbationhof the d>1.21 protein fraction with increasing
concentrations of lecithin (Eigqré k), the net esterification
yieid décreased; and,at a concentration of approximately 1.25 mg/ml,
approached a constant value of about 60% of the.value determined for
.the control. -

.From these results it is apﬁarent that gxqesé lecithin has
an inhibitory effect on LbAT aétivity. SinCeJa.high amount of
1ecitﬁin,was aISO‘preS¢nt in the ultraceﬁtrifugalk(d 1.065 gm/ml-
sucrose) top fractions, iﬁ is probable that enzyme activity was

similarly inhibited in themZ.

e. Effect of Lecithin Concentration on Ultracentrifugal (d 1.065

gm/ml ~sucrose) Flotation of LCAT Activity.
In all previous experimerits, the final_concentratioh of lecithin

- 1 By using a sonicated dispersion of lecithin containing C'%-lecithin,
it was demonstrated that approximately 60% of the lecithinm, introduced
prior to ultracentrifugation, was floated into the .top fraction. ‘
2 See Appendix (page 150) for more detailed studies on the effect
of mercaptoethanol and excess lecithin on assay of LCAT activity.
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FIGURE &4 ‘ |

EFFECT OF PREINCUBATiON OF THE d>1.21 PROTEIN FRACTION WITH VARYING
CONCENTRATIONS OF LECITHIN DISPERSION ON ASSAY OF LCAT‘ACTIVITY.

One ml of the d>1.21 protein fractiOn‘(in‘0.0l'M phosphate buffer,

pH 7.4; containing 0.26 M NaCl and C.1 mg/ml EDTA) was preincubated
with 1 ml of a sonicated dispersion of-lecithin:(in same bﬁffer without
NaCl) at 57OC'for 0.5 hours. The mixture was chiliéd in an-ice bath
for 10 minutes. A 1 ml aliquot of this mixture was added to 1 ml

of sonicéted substrate (in same phosphate buffer But wifhout NaCl),
and incubated at 379 for 2& hours. In the control, C.Cl M phosphate
buffer (pH 7.4, containing 0.1 mg/ml EDTA) was used iﬁ‘place of the
lecithin dispersions. The ordinate is expfessed-as percentage of the -

net esterification yield determined for the control.
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in the preincubation mixtures '(containing the d>1.21 protein fraction

plus a sonicated dispersion of lecithin) was approximately 2.5 mg/ml.
In andﬁher series of experiments we evaluated the amount of activity
floated into the top fraction as a function of the ieciﬁhin concen-
tratiqhiin the preincubated mi#ture;'In Figure 5, the LCAT activity
in the top frac@ions is plotted againsg the coﬁcentrationvof
lecithin used in the preincubation-flotation of LCAT activity. As
.ihdicatéd,'thefe‘was an exponential-like increase of esterifying
.activity‘in the top fractions as'fhe éonégntratioh of lecithin in
theﬂpgeinéubated mixture was increaéed; The significance of this
is noﬁ.cleé¥;vhowever, one'possiBility'is that;'wiph.the increasing
concentration of lecithin,-the average size of the dispersed leci;hin
particles may increase and hence the enzyme-dispefsioh complex may

be more efficiently floated at the density used.

f. Factors Influencing Formétion of the LCAT-Lecithin Dispersion

Complex,
1. Effect of pH.

The'influence of pH on the formation andvdiséociation of
enzyme-lipid dispersion complexes has been amply demonstrated for
phospholipase A:(23) and lipoprotein lipase (16). The effect of pH

on the interaction of LCAT with sonicated disPérsion of lecithin

was evaluated. The d>1.21 protein fraction and'a sonicaced dispersion -

of lecithin were preincubated and ultracentrifuged at pH 4.1, 6.0,

7.8 and 9.6 as described in Table 11. At pH 4.1, over 80% of the
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FIGURE 5

EFFECT OF LECITHIN CONCENTRATION ON ULTRACENTRIFUGAL (d 1.065 gm/ml—
sucrose) 'FLOTATION OF LCAT ACTIVITY INTO THE TOP FRACTION. ‘
Fraqtlonatlon procedures were the same as described in Table &. The
éoncentrations of sonicated'diSpersions of lecithin used in the
préincubation mixture are.as designated on the abscissa. After

dialysis of the ultracentrifugal top fractions as described in Table

9, enzyme activity in each fraction was assayea according to procedures

described in Materials and Methods.
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TABLE 11 )

EFFECT OF pH ON ULTRACENTRIFUGAL (d 1.065 gm/ml-sucrose) DISTRIBUTION
OF LCAT ACTIVITY. | | '

The d>1.21 protein fraction and a sonicated disPersion of lecithin
(5.0 mg/ml) were dialyzed separately-in 0.01 M Tris maleate buffers
of various pH's containing 0;19 M NaCl and 0.1 mg/ml EDTA. After
dialysis, 2 ml of the d>1.21 protein fractlon were mixed and 1ncubated
(5700, 0.5 hours) with 2 ml of the sonicated dlsper81ons of 1ec1th1n
at the same pH. Two ml of a sucrose solution (prepared with 0.01 M
Tris maleate buffer of the same pH as the d»1.21 protein fraction -
and lecithin dlsperSLOns) were added to raise the density of the
final 6 ml mixture to 1.065 gm/ml. Ultracentrifugation, collection
of fractions, dialysis of fractions, and assay of enzyme activity

in each fraction were performed as described in Table 9.

pH - % of Total Cholesterol Esterified
in Whole Tube?l

Ultracentrifugal Fractions

‘ Top Middle Bottom
412 6.5 w1 8.
6.0 ‘ 33,3 Ly, 3 - 22.3
7.8 . ' 45.5 34.6 20.0
9.6 o 6.7 . 30.7 - 22.6

1 This_velue~is calculated from the % cholesterol esterified in
each fraction divided by the sum of the % of cholesterol esterified
in all three fractions (top, middle and bottom) .

2 Enzyme activity was lower in this case as compared with the others.
The p0831ble cause for thlS mlght have been denaturation and
prec1p1tat10n of part of the total LCAT activity when the d>1.21

protein fract;on‘was_dlalyzed in buffer of pH 4.1.
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tota1 LCAT activity_contained in the whole tubg.ﬁas recovergdvin
the bottom 2 ml fraction. As.pH'was raiséd to 6.0, Uk and 33% of
the total aétivity ¢§ntained in the.whole tube.was fecovered‘iﬁ the
middle and tép fractions respectively. At pH 7.8 and 9.6, approximately
50% of the total activity céntained in the.whole.pﬁbe was reéovered
in the fép fraction.while'only 20% of the.toéal’activity contained
in the whole tube rémained‘in the bottom fracﬁibn{-Based on these
observations, the complexing of LCAT activity with sonicated
dispersions of iecithin.appearé to dccur preferably at neutral or
“higher pﬁ, The nature'of thié pH effect is still unclear; however;
a change in pH coﬁld have‘affected the charge éharacteristics of
the liéid binding gréups on the.én;yme molecule. A} thé pH fange
‘ used there should'be.no change of éharge_on leCithiﬁ since its pI
is below 4.0 (1k, 87).

Althougﬁ in the present study we have showh'that LCAT activity
and sonicated 1eCithin dispersions can form complexes of d<1.065 gm/ml
(sucrose), the possibility that other proteins mighf‘be involved
in the'formation of the co@plexes was nof.excluded. Thus, the
inability of.LCAT to complex with the lecithin dispersions at low
pH mighf haveAbeen due to a chﬁﬁge in the efficiéncy of another

protein either_to'enter into or promote the enzyme-lipid association.
2. Effect of Sulfhydryillnhibition by HydroXyﬁeprribenzoate.

Since LCAT activity has been reported to be inhibited by

sulfhydryl'blocking agents (38), we investigated the effects of
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‘hydroxymercuribenzogte on the formation of the eﬁéyme—lecithin
dispersion complex. The data in Table 12 show that exposure of the
d>1.21 pfotein fraction to hydroxymercuribéﬁzoéte“(producing a
reduction invLCAT'activity of approximately 70%).did not alter_tﬁe
amount of enzyme activity floating up with the 1ecithin dispersions.
The affinity of the enzyme for sonicated dispersions of lecithin
apﬁarently does.not depend on the presean of intact sulfhyd£y1
“group or groups which apparently are important fo the esterifying

action of the enzyme.
g. Dissociation of LCAT-Lecithin Dispersion Complex.

- Akanuma and Glomset (4) have demﬁnsﬁrated that sodium tauro-
cholate can be used to diséociate LCAT activity from a.complex with
HDL when the latter is attached to agarose. In this thesis, it was
also demonstrated that LCAT activity could complex with HDL at low
lonic strength. However, when whole serum, containing both LCAT and
HDL, was ultracentrifuged in high salt, we found insignificant amounts
of LCAT activity in association with the HDL fraction. Therefore,
in order to dissociate the LCATiactivity from theiisolated enzyme=-
lecithin compiexes’as cémpleteiy‘as possible, we expésed'them‘
to sod;um’taurdcholate in a KBr soluﬁion of High ionic strength
and subsequently subjécted the mixture to ultracentfifugal procedufes
described in Tablé-lﬁ. The fractions'isgiétéd'were assayed for LCAT
activity, and the data are summéfized iﬁ'TaBie 15.'A11 bf the

- enzyme activity'was found in the bottom 2 ml fraction, while most
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TABLE 12 : : _ v
ULTRACENTR IFUGAL (d 1.065 gm/ml-sucrose) DISTRIBUTION OF LCAT ACTIVITY
: INHIBITED WITH HYDROXYMERCURIBENZOATE. | | h B |
-‘,Hydromeereufibehzoate (Signma Chem. Co., St. Louis, Mo.) was added
to the'd>l;21'protein fraction (in 0.0l M phosphate buffer, pH T7.L,
éontaining 0.26 M NaCl and O 1 mg/ml EDTA) in'abfinal concencration

" of 2 mM The mlxture was incubated at 37°C for 0. 5 hours. The mixture
was then prelncubated w1th an equal volume of sonlcated dispersion
of 1ec1tth (5 O mg/ml; in 0.0l M phosphate buffer, pH 7.4, contain-
ing O. 1 mg/ml EDTA), ultracentrifuged, dialyzed in 0.01 M phosphate
buffer containing mercaptoethanol, redialyzed in the same buffer

without mercaptoethanol, and assayed as described=in'Tab1e G.-

Fraction Assayed : % Cholesterol Esterified

Hydroxymercuribenzoate treated?®.

: rop C i : | 46.6

Middle R 11.3
Bottom B 2.7
| | Control, not treated with hydroxymer~
v v , , , curlbenzoate .
Top T 33.7
Middle - 15.0
Bottom - _. : 7.0

1 Assay was eiso performed on the parent d>1.21 protein fraction
cohtaining 2 mM hydroxymercuribenzoate. LCAT activity was reduced
by about T70% when compared with\the_untreated d>1.21 protein
fraction. Dialysis.of the inhibited'd>1;21 protein fraction against
'a 0.01 M phOSphate buffer (pH 7.4) containing 0.26 M NaCl, 0.1 mg/ml
EDTA and 0.01 M mercaptoethanol, restored acL1v1ty to the level of

" the untreated d>1.21 protein fraction.




TABLE 13 -

ULTRACENTRIFUGAL (d 1.21 gm/ml- KBr) DISTRIbUTION OF LCAT ACTIVITY
'OF ENZYME-LECITHIN COMPLEXES AFTER TREATMENT WITH SODIUM TAUROCHOLATE
AND KBr. v o

Two ml of the top fraction (in 0.01 M phosphate buffer, pH 7.k,
containing .26 M NaCl and 0.1 mg/ml EDTA), obtained by the proced-
ure described in Table 9 were ralsed to d 1.21 gm/ml by addlthﬁ

of KBr. Sufficient sodium taurocholate (Cal. Biochem., Los Angeles,
Calif.) and mercaptoethanol were added to obtain a final concentra-
tion of 0.5% (w/v) and 0.03 M respectlvely This mixture was '
‘pipetted into a preparative ultracentrifuge tube and 4 ml of a KBr
solution of 4 1.15 gm/ml were layered above this mixture. The sample
was ultracentrifuged at 114,000 X g, 18°C for 12 hours. Three 2 ml
fractions were collected, dialyzed against the above phosphate
buffer containing C.01 M mercaptoéthahbl, redialyzed against the

. same buffer containing no mercaptoethanol, and assayed as described

in Materials and Methods.

Ultracentrifugél % Cholesterol Protein Con-
.Fraction . . © Esterified = centration (mg/ml)
Top S 03 | 0.1

Middle 0.2 o 0.1

Bottom . 21.0 : 0.4




of the lecithin dispersion was floated to the top (as ascertained
l ,
by visual inspection of the distribution of turbidity).

IV. Discussion
a. Nature of the LCAT Activity in the d>1.21 Protein Fraction.

In the preseﬁt section we demonstrated that serum LCAT activity
could bé sedimeﬁted away ffom the bulk of the lipoproteins of human
serum by ultracentrifugal fractionation in a salt (KBr) medium of
d1.21 gm/ml. Althdugh no extensive chemical analysis was performed
on thé subnatant d>1.21 protein fraction, thié ffaction apparently
contained all the serum_protéins of d>;.21 gm/ml éiong with a
certain amount of apﬁliboprotéinS»which split.off from the native
lipoproteins (particﬁlarly HDL)_du;ing ultracentrifugation (6).
Among ﬁﬁésevapolipoproteins, apoLP-gln I isvprbaﬁlf the moét
promineﬁt since its association with HDL can be disrupted under
a'variéty of experiﬁental prOCedﬁres (e. g., storage, ultracentri-~
fugatidn,vexposure-to éther_and dehydration-rehydration).

Wﬁen soﬁicated dispérsions-of mixtures of.cholesterol and
lecithin;were used.as subétrates for assaying LCAT activity in the
d>1.21'protein fraction, initial reéction rateé were obtained.whiéh
Qere siﬁilar'to-those when totai serum lipéprdteinsvwere uséd as
substrates (81). Since it has Been shown fhaﬁ thefe'are some
apolipbéroteiﬁs; aprticularly apqLP-gln‘I, preséﬁt in the d>1.21
protein.fraction (6), there is reasdnable basiswté aésume that such

apolipoproteins would. be incorporated into complexes with sonicated
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dispersions of mixtures of cholesterol and 1ecithin, and hence
would form structures with properties similar to serum lipoproteins.
Data obtained in our laboratory‘(81) and in a recent report by Raz
(91) support the idea that some kind of lipoprotein complex 1is
formed during incubétion of the d>l1.21 proteiﬁ fraction with
sonicated dispersions of lipid. WHether.such complexes are required
in order to demonstrate LCAT activity in the d>1.21 protein frac-
tion is uncertain. Questions of this nature will be discussed in

detail in Chapter 3. ~
b. Association of LCAT Activity with HDL.

Qur results confirm the findings of Losso& ef al. (72) and
Akanuma and Glomset (4) that,under low ionic strength, LCAT does
associate with HDL. Furthermore, we have shown that the affinity
of LCAT for HDL is not altered when most of the substrate cholestero
and lecithin on the lipoproteins had been converted to cholesteryl
ester and lysolecithin. The feason why the enzyme still shows such
high affinity for lipoprotein species rich in the products of its
reaction is not clear. However, it is possible that the apolipo-
proteins of HDL may play a significant role in the binding of LCAT.
Supporting this idea, Akanuma and Glomset (4);observed, at low iomic
streﬁgth, that binding of LCAT activity occurred when delipidated
HDL were substituted for native HDL as the binding agents in
affinity chromatography.

The effect of high ionic strength in promoting the dissociation

1



of an HDL~LCAT complex has been demonstrated in the pfesent study as
well as in a number of previous‘reports (72, 90). The reason why
high ionic strength promotes such dissociation is probably due to
the disruption of ionic bonds formed between HDL and.LCAT..Since,

at the pl used (pH 7.4), both lecithin and probably some amino acid
side groups (at pH 7.0, most of the carboxyl and amino groups in
proteins are ionized) of the lipoproteins were ionized (14, 50, 87),
it is not possible to interpret whether ionic binding had occurred
between enéyme and phospholipid, enzyme and apolipoproteins or a

combination of both.
¢. Interaction of LCAT with Sonicated Dispersions of Lecithin.

It was demonstrated in this chapter of the thesis that LCAT
can complex with sonicated dispersions of lecithin. éince these
complexes could be ultracentrifugally floated in a sucrose medium
of d 1.065 gm/ml, it is probable that their densities were less than
1.065 gm/ml. Our preliminary data obtained in other experiments
indicated that LCAT also forms complexes with sonicated dispersions
of mixtures of cholesterol with lecithin. These complexes could
also be isolated by the ﬁltracentrifugal flotation procedure
described. The formation of such complexes appears to depend only
on the amount of lecithih present and not on the molar proportions
of lecithin to cholesterol in the dispersions.

Low pll appears to disrupt the association between LCAT and

sonicated dispersions of lecithin. Although the basis for this
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disruptiqn is not. clear, it is evident that my results are compar-
able to those obtained with lipopfotein lipaée (16)'and phospholipasé
A (25)'._'

I have also demonstrated that inhibition of LCAT activity by
a sulfhydryl blocking agent (hydroxymercuribenzoate) does not
reduce the amount of enzyme activity floated up (at d 1.065 gm/ml-
sucrose) into the top fraction. This indicatcs'thét the sulfhydryl
group or groups associated’with‘the enzyme's activity apparently
are not crucial for the binding of the enzyme t; the lecithin dis-
persions.

The inhibitory effect of sonicated dispersions of lecithin on
LCAT activity contained in the d>1.21 protein fractidn is counter
to the observation of Wagner and Rogalski (114)'5f an activation
.of LCAT in whole serum by a phosphatide emulsion; Since lipoproteins
were presgnt'in their incubation mixtures, and absent in our work,
the results of our experimengs cannot be directly compared. The
exact mechanism by which sonicated diSpersions of lecithin inhibit
LCAT activity in the d>1.21 protein fraction is still to be
clarified.

The reason why prior treatment with C.01 M mercaptoethanol
restored some LCAT activity in all of the ultraceptrifugal fractions
is unkpoWn. The possibility that mercaptoethanol restores enzyme
activity by reducing oxidized sulfhydryl group or'groups in LCAT
has beeh advanced. However, additional data, which will be presented

in the Appéndix (page 130),indicate that mercaptoethanol may do
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more thah“]ﬁét“méintain ﬁhé enzyme's sﬁlfhydryl group or groups
intact: Inbthis respect, substitution éf oﬁher réducing compounds,
such as cystiene an& glutathione, had very Iittle'effeét in restoring
LCAT acti&ity in the ultraéentrifugal fractioﬁs.

Téchniqdes:reported by Fielding (26) for isolation of lipopro-
tein lipase havé general features comparable to those we have applied
in the isqlation~of LCAT. In both cases, a lipid disperéion is
usedvand an énzjme—lipid complex is formed which is sufficiently
stable_tovundergo flotatibp by ultracentrifugatidﬁ; The
structufes of these enzymes are still unknown; however, it is quite
possible that there may be .a basic set of residues in these enzymes
which offe: similar'affinities for lipid.and lipoprotein surfaces.

The use of'SOnicated dispersions of 1ecithinbto effect the
ultracentrifugal flotatién of LCAT is a potential technique in its
burifégétionla In other approaches to the purification.of this
enzyme; serum albumin'has been a ﬁajor contaminant which has been‘
most'diffiqult to remove (40). In our present work, we have sub-
stantially separated the enzyme from the bulkvof’the serum albumini
Subsequent. fractionation by conventional pfocedures (e. g., column
chromatography).should yield_enzyme preparations of higher purity.
Since it‘hasbbeen shown in thii repQrt that LCAT may be easily
oxidizéd, brecautioﬁs should be taken in.each purification step to
avoid conditions promoting oxidation. Another problem in fhe
purification.of the enzyme is the apparent increase in lability

1 See Appendix (page 117) for purification of LCAT activity using
the present technique as well as a number of others.




as the énZyme is further purified. The possibility that LCAT is

stable only in the presence of other proteins is still to be

evaluated?t.

1 See Appendix (page 119 ) for futher discussion on the possible
cause of LCAT's lability during purification procedures.
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CHAPTER 3.
INTERACTION OF LECITHIN: CHOLESTEROL ACYLTRANSFERASE WITH SONICATED
DISPERSIONS OF LECITHIN. EVALUATION OF COMPLEX FORMATION BY ULTRA-

CENTRIFUGAL FLOTATION IN SALT MEDIA OF d 1.065 AND d 1.21 gm/ml
I. Background and Objéctives

a. Efféctiof Salt on the Ultracentrifugal Proper;ies of LCAT Activity

in the Presence of Sonicated Dispersions of Lecithin.

It was demoﬁstrafed in thé last chapter that. LCAT formed complexes
with soniéated dispersioné of 1ecithin, and that these complexes
could be isolated by ultracentrifugal flotation ih a sucrose medium
of d i,065 gm/ml. In these experiments, sucrose was used instéad of

salt (such as KBr) in order to reduce the possibility of dissociation

of the complex by exposure to a medium of high ionic strength during

ultracentrifugation. In this respect, association between HDL and

LCAT activity was shown to be disrupted by ultracéﬁtrifugation as

well as other procedures in high ionic strength in both the present
thesis and a number of other reports (72, 90).
Data obtained from one of our early experiments, in which KBr

was used in place of sucrose for density adjustment to d»1.065 gm/ml,

" showed that the amount of activity floated into the top 2 ml in the

KBr solution was approximately half that in theisucrose solution
(Table 1k4). Furthermore, increasing the preincubation period of the
mixture containing the d>1.21 protein fraction and sonicated dis-

persions of lecithin prior to ultracentrifugation did not appear to




TABLE 1k | |

ULTRACENTRIFUGAL (d 1.065 gm/ml) DISTRIBUTION OF LCAT ACTIVITY:

KBr vs. SUCROSE. ' o '
Ultracentrifugal fractionations in both KBr and sucrose were ﬁerfofmed
as described in Table 9. The final concentration of lecithin in the

preincubation mixture was 2.5 mg/ml in both fractionations.

Ultracentrifugal ' % Cholesterol Esterified

Fraction . . ' : .
' KBr Fractionation Sucrose Fractionation

Preincubated with lecithin

Top | 15.1 33.7
Middle 15.4 115.0
Bottom 60. 4 7.0
Control, préincubated'with:phOSPHate buffer
Top 0.2 0.2
Middle 0.2 37.5%
Bottom 78.8 80.0

- 1 The presence of a significant amount of activity observed in
the control middle fraction (sucrose) was probably due to an
incomplete sedimentation of the enzyme into the bottom fraction

because of the high viscosity of the sucrose solution.



increase the amount of LCAT activity that could be floated under _ .
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the'éonditions used (Table 15).

b. Naturé of the LCAT Activity Not Floated in a Salt Medium (KBr)

of d 1.065 gm/ml.

Ih.all'previous flotation studies a density of 1.065 gm/mi was
choosen because it was considered that this density would be sﬁffi-
cient to float up the bulk of the sonicated disﬁe;sion of lecithin. = |
Re-examination of the distribution of lecithiﬁ in.previOUS experi-
ments (page 5% ) showed that only 60% of the tqtai lecithin,,added
during préincubation;was rec09éred in the d<1;065 gm/ml fraction.
Since,'in the abéeﬁce of d>1.21 protein fraction, over 95% of the
total lecithin was floated at d 1.065 gm/ml, the incomplete flotation
observed waé probably due to the formation of-libid-ptotein éomplexes
of d>1,065’gm/m1. In agreemént wiﬁh this interpretation, complex

formation between proteins of the d>1.21 protein fraction and

sonicated dispersions of lipid yielding products of d>1.063 gm/ml

was observed by Nichols and Gong (81), and more recently by Raz

f (91). In the experiments of.Nichols and Gong (81), the d>1.21

: mixture was subjectéd,to sequential ultracentrifugal fractionation

protein fraction, as a source of LCAT activity, was incubated with

éonicatedvlipid substrates for 24 hours. Following incubation, the

at d 1.06% and d 1.21 gm/ml. In the absence of the d>1.21 protein

 fraction, the sonicated substrates were found almost exclusively

in the d<l1.06% gm/ml fraction. However, in the presence of the

d>1.21 protein fraction, sonicated substrates were found in both
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TABLE 15

ULTRACENTRIFUGAL DISTRIBUTION.OF LCAT ACTIVITY IN KBr SOLUTION OF

d 1.065 gm/ﬁi. EFFECT OF TIME OF PREINCUBATION OF d>1.21 PROTEIN
FRACTION WITH LECITHIN DISPERSION. ‘

Two ml of the d>1.21 protein fraction (in 0.01 M phosphate buffer,
pH 7.4, containing 0.26 M NaCl and 0.1 mg/ml EDTA) were preincubated
with 2 ml of a sonicated dispersion of lecithin (5.0 mg/ml; in 0.01
M phosphate buffer, pH 7;h, containing 0.1 mg/ml EDTA) for the time
"period indicated. The mixtures were adjusted to d 1.065 gm/ml by
addition of 2 ml of an appropriate KBr solution. Ultracentrifugation
and assay of enzyme activity were carried out as previously described

(Table 9).

Preincubation % Cholesterol Esterified?

Time (hours) Ultracentrifugal Fraction

Top Middle Bottom
0.5 5.5 (6.2) 15.6 (17.4) . 68.8 (76.5)
1.0 5.5 (5.8) - 17.9 (19.1) 70.5 (75.1)
3.0 Lo (4.8 12.1 (13.9) - 70.9 (81.3)
6.0 _ - 2.3 (2.8) 11.2 (13.5) 69.1 (83.7)
24.0 6.7 (10.8) 5.1 (8.2) 50.2 (81.0)

1 yalues in parentheses are the percentage of the sum of the %

cholesterol esterified in each of the three fractions.
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the d<1.063 gm/ml fraction and the d .1 065-1 21 gm/mlwfracti-on.
Furthermore, after lncubatlon (24 hours, 57OC), the d 1.063-1.21 gm/ml
fraction contained more product cholesteryl esters than those in

the d<1.063 gm/ml fraction. Combining these results with our present
observations, it is possible that sonicated dispersions of lipid,
when incubated with the d}1.21 protein fraction, can form lipid-
prétein complexes of d 1.063-1.21 gm/ml.

Recently, Scanu et al. (102) reported that when HDLg.and HDL5
apoliéoproteins were sohicated with 1ipid ﬁixtures containing
lecithin, products resembling lipoproteins were formed. These
' products could be isolated ultfacentrifugally into three frac;ions.
at d<1.06%, d 1.063-1.21 and d>1.21 gm/ml. Furthermore, the fraction
isolated at d 1.063-1.21 gm/ml had physical characteristics, such
és hydrated density, size, shape andvflotation rate, similar to HDL.
In light of these findings, and the apparent presence of HDL apolipo-
proteins in our d51.21 protein fraction, it is probable that a
similér lipid—protein complex, as described by Scanu et al. was
formed during incubation of the d>1.21 protein fraction with_sonicated
dispersions of 1ecithin.vMoreover, since these HDL-like comélexes
have densities greater thanll.Q65 gm/ml, it is not.sufprising‘that
only 60% of the total lecithin initially added into the preincuba-

tion mixture was recovered in the d<1.065 gm/ml fraction.
c. Objectives of the Present Chapter.

Based on the considerations described above we extended our
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ultra;éntrifugal flotation experimehts to include an evaluation of
the interaction of LCAT activity with sonicated dispersions of
lecitﬁin at d 1.21 gm/ml. It was expected thaﬁ the results obtained
from these e;périments wouldrpréyide more information 6n the
intéréction éf the enzyme with lecithin, as well as information
leading_to the characterizatién of the possible'lipid—protein

complex.Of'd>l.O65 gm/ml.
II. Materials and Methods
a. General.

Procedures used in this chapter of the thesis were similar to
those previously described under Materials and. Methods (in Chapter

2) excépt for those specifically stated below.
b. Assay of LCAT Activity.

 Tﬁe procédure used for assay of LCAT activity was similar to
that described previously except that 0.01 M meréaptoethanol was
present in all assay mixtures. The éffect of mercaptoethanél on
the assay of enzyme activity, under the conditiéns used in the

present fesearch,is described in the Appendix (page 128).
' ¢. Preparation of HDL Protein.

HDL p;otein was prepared by'the method of Shore and Shore (105).
HDL (approximately 4.0 mg/ml) were extracted with an eqﬁal volume

of alcohol-ether (2:%, v/v) by gentle rotation overnight at L°C.



The upper eoivent layer'was removed, and the'e#traceion was repeated
for two 15 miﬁutevoeriodsAosing alcohol—etheriﬁl:ﬁ, v/v) in the

same Volume‘as the aqueous phase..The'aqueous.phase cootainihg HDL
protein; Qas dialyzed exhaustiVely against double distilled water to

remove any residual organic solvent.
d. Prebaration of HDL Apolipoproteins.

HDL protein'ﬁas frectionated into its apoiipoprotein compOnents_
by the.ﬁethod of'Scenu et al. (101). HDL proteinIWae first dialyzed
against 0;2 M Tris’Hcl‘buffér (pH 8.5) contaihing,é M urea for 48
hours ethhcc. Twenty to 40 mg_of the dialyzed HDh proteih solution
(in appfoximately 2% of the total bed volume) were applied onto a:
Sephadex G-200 column (2. 5 cm X 10O cm)., and eluted at room tempera-
ture w;th the same boffer system used'for dialysie, The flow rate,

8 ml/hoor, was controlled by a metering pump; directioh of flow was
aécendihg- Under the cohditionsfdescrihed the total perlod of -
chromatography was approx1mate1y )O to 60 hours Durlng this perlod
the effluent was contlnuously monlLored for proteln concentratlon

at 280_mo by an ISCO recorder. The fractions colleoted within_each :
peak (Figure 6)vwere pooled and'dielyzedvto femove'urea' first,
vagalnst double dlstllled water and then agalnst O 01 M Tris HCl
buffer (pH 7. h) containing 0.19 M NaCl and O. 1 mg/ml EDTA. The
_samples containing the individual apollpoprotelns were concentrated‘.
in a Diaflow apparatus (Amicon‘Corp;,bLexington,hMass.) using an

UM-2 membrane. The concentrations of the apolipoproteins were
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- FIGURE 6

' CHROMATOGRAPHY OF HDL PROTEIN ON SEPHADEX G-200 IN Tris HCl-6 M UREA.
Conditions of chromatographyiwere as describéd in the text. Four
protein eluting peaks were obtained, and are numbered as follows:

A, B, C, énd D. Peak A corréSponds to unresolvable HDL apqliﬁopro:eins;
peak B corresponds to apoLP-gln I; peak C corresponds to apoLP-gln TI;
.and peak D‘correSponds to. a mixture containing apoLP-ala, apoLP-glu

and apolLP-ser.
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estimated by absorption at 280 my using bovine serum albumin as

standard. ‘
e. Identification of the Sephadex Fractions.

Samples obtained from the chromatographié échedure describéd
above were identified by polyécrylamide gel electrophoresis in & M
* urea. The ﬁethod employed was.similar td that &éécribed by Davies
'(22).>Gels-were prepared in 0.6 cm X 8.0 cm glaSé tubes, and the
concentration of the acrylamide was 10% in the separating gel, and
2.5% in the concentrating gél.vTrisAglycine'buffér containing‘B.M
urea,'ﬁséd.in tﬁe electrodes, waé ;repared according to Reigfeld
and Smail‘(95). Approximately 50 ug of protein were applied per
tube, and gels were run at 2.5 mA/tuBe at robﬁ témperature..Affef
removal of the gels f?bm the glass tﬁbgs, the&_were fixed. and: stained
in a solution containing 0.25¢ Coomassie brilliant blue (w/v), hﬁ%
methanol (v/v) and 9% acetic acid (v/v). Destaining was done electro-
phoretically in a solution containing 7% acetic acid (v/v) and 5%
me thanol (Q/v) using a Canalco destaining apparatus. Figure 7 shows

the positions of the various HDL apolipoproteins after electrophoresis.
III. Results

a. Ultracentrifugal Distribution of LCAT Activity Following Incuba-
tion of the d>1.21 Protein Fraction with Sonicated Dispersions of

Lecithin: Ultracentrifugation Performed at d 1.21 gm/ml (KBr) .

When the d»1.21 protein fraction was preincubated with sonicated




FIGURE 7 _

POLYACRYLAMIDE GEL ELECTROPHORESIS OF APOLIPOPROTEINS OF HDL IN E

8 M UREA. R

Conditions of electrophoresis were as described i_n. text, A)
schemat_:i.‘cr representation of ‘total HDL proteiﬁ, B) total HDL protein,
C) peak B (apoLP-gln I), D) peak C (apoLP-gln II), E) peak D
(mixture of apoLP-ala, apoLP-glu and -apoLPfsefj. _
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dispersions of lecithin and ultracentrifuged at 114,000 X g, for
48 hours at 10°C in a KBr medium of d 1.21 gm/ml, over 80% of the
total activity (contained in the whole tube) was recovered in the
top 2 ml fra;tion (Table 16). Furthermore, the presence of high

salt during the preincubation period did not significantly alter

the ultracentrifugal distribution of enzyme activity. When comparable

mixtures were ultracentrifuged at d 1.C05 gm/ml (KBr), we previously
demonsﬁrated that a significantly lower amount of LCAT activity was
floated than at d 1.065 gm/ml (sucrose). Hence, it would appear

that exposure of the preincubation mixture to high salt reduces
incorpofation of LCAT into complexes of d<1.&65 gm/ml, and favors
the formation of stable LCAT-lecithin dispersion complexes of

d 1.065-1.21 gm/ml.

b. Ultracentrifugal Distribution of LCAT Activity Following Incuba-
tion of the d>1.21 Protein Fraction with Sonicated Dispersions of
Lecithin. Effect of Ultracentrifugation in Salt Solutions (KBr) at

Different Densities.

In order to explore the ultracentrifugal properties of the
enzyme-lecithin complexes of d 1.065-1.21 gm/ml, aliquots of a
preincubated mixture of a d>1.21 protein fraction plus a sonicated
dispersion of lecithin were adjusted to a series of densities
(d 1.05 to 1.21 gm/ml) by addition of solid KBr and ultracentrifuged
at 114,000 X g, 46 hours, at 10°C. The distribution of LCAT activity

as a function of the density of the samples is shown in Figure &.

8z2.




«TABLE 16

:VULTRACENTRIFUGAL DISTRIBUTION OF LCAT. ACTIVITY FOLLOWING INCUBATION

: OF "THE d>1.21 PROTEIN FRACTION WITH SONICATED DISPFRSIONS OF LECITHIN.
”ULTRACENTRIFUGATION PERFORMED AT d 1.21 gm/ml ( KBr)
ﬂThree ml of the d>1.21 protein fraction (1n U.Ol M Tris HCl buffer,

- pH Y.h, containing 0.19 M Nacl and 0.1 mg/ml EDTA) were preincubated
Withxi'ﬁl of a sonicated dispersion of lecithin (5;Ovmg/m1; in C.01 -
M Tris HC1 Buffer, pH 7.4, containing 0.1 mg/mi EDTA) . After pre- |
. ihéﬁﬁétidn; solid KBr was added to the mixture'fo raise the density
_of the mixfuré-to 1.21 gm/ml. Where préincubation-was performed in
prééenqe,of éalt, KBr was added to raise the density of the mixture

Eto'I.Ei;gm/ml prior to the start of the preincubation. The mixtures
were ultracentrifuged at 114,000 X g, 10°C for L8 hours.. Three 2
:ml fractions (top, middle and bottom) were colleéted, dialyzed:
jagaihsc 0.0l M Tris HCl buffer (pH 7.4, containing 0.26 M NaCl and
“TJO.Itmg/ﬁl EDTA); and'asséyed for enzyme activity as described in

Materials'and Methods.

_:U1tracentr1fugal ' ' % Cholesterol Esterified
_fFraction Preincubated W1thout ' Preincubated With
- KBr , KBr -
Top . . 36,5 ' 32,2
\/Mlddle o 2.4 L .7

| Bottom 2.2 3.0




In the range of d 1. O) to d 1.10 gm/ml there was an abrupt decrease
'of enzyme activity in the bottom fractions; however, in the corres-
ponding top fractions there was only a slight.increase of activity.
'Betweeﬁzd 1.10 and d_1.15 gm/ml, the-decrease,of activity in the
bottom fractions was'aﬁproximately equal to.thé.inéréaSe of activity
in the. £0p fractions. At d 1.15 to d 1.20 gm/ml boLh the activities
in the bottom and top fractlons leveled off to relatlvely constant
values.

ﬂExaminatiOn bf Figure 8 reveals two ihterééting points. First,
vthe rapid decrease qf acfiviﬁy in the bottdm ffaétions be:&eén
d 1.05 and d 1.10 gm/ml apparently was not due to-flotation into the
t0pvffaétion 6f LCAT_activity in:association witﬁ-the floating
1ecithinidisber$i6n. I1f this was the case, thege‘would have been
a‘concomitaht increasé'of activity in the correspbnding top fractions.
SecOndly,’ghere was an unaccountable loss in reco§efed total activity
(i. e.; the suﬁ of enzyme activity in the,tbp,vmiddle.énd bottoﬁ 
fractlons), when. the prelncubatlon mixture was: ultracentrlfugcd at
d>1.10 gm/ml Thls loss of recoverable total act1v1ty could not be
explained by the effect of ultracentrifugation in salt solutiqnsvof
‘differe#t densities, since no significant loss of total acfiViﬁy
ﬁas_obsefvéd vhen the same individual fractibn;.were'recombinéd and
,assayed. |

inborder #o explain the two observations described abové, we
p;oposg-that a cofactor is appéreptly required fsr the Eransesteri?

fication reaction, and that lecithin-protein complexes, containing
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FIGURE & . .
ULTRACENTRIFUGAL DISTRIBUTION OF LCAT ACTIVITY FOLLOWING INCUBAIION;.
OF THE d/l 21 PROTEIN FRACTION WITH SONICATED DISPERSION OF LLCITHIN.
EFFECT OF ULTRACLNTRIFUGATION IN SALT SOLUTIONS (KBr) AT DIFFhRENT
DENSITIF . '
Three ml of d>1.21 protein fractlon (in 0. Ol M Trls HC1 buffer,_

pPH T. h, ‘containing 0.19 M NaCl and O.1 mg/ml EDTA) were 1ncubated
with 3 .ml of a sonicated dispersion of lecithin (5.0 mg/ml ln ¥ Ol

M Tris HCl buffer, pH-?.M,‘containing ¢.1 mg/ml EDTA) at 37°C for
'0;5 hours. After incubation, the mixture was adqutedvto various
densiﬁies'(as indicatedbdn‘the abscissa) by additionbbf.solid KBr.
The adjusted mixtures were ultfacéntiifuged at- 114,000 X g, 1¢°¢ forO
48 hours.. After ultracentrifugation, three 2 ml.fractions (t0p, ’
middle, and bottom) were collected, dlalyzed and assayed for enzyme
activity as previously described (Table 16). In_the recomblnat;on
v'expefiménc, equal voiumes-of the top, middle and bOttom fractions
’of'eacﬁ sample wenevmixed, and the'mixturéévwefévassayed for LCAT

activity. .
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O Top fraction
a Middle fraction
A Bottom fraction.
e Recomb/'navt/'on'of‘,.,:.top', middle,
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cofactor activity,(of dgl.lb gm/ml wete formeo‘during.preincubation.
Thus, the répid decrease of activity in the bottom frectioos of
samples ulLracentrlfuged at d 1. 05 to d i 10 gm/ml was‘probably due

_ to the flotation of complexes containing cofactor act1v1ty away from
those cootainlné the enzyme. At highet den51t1es (d>1-16 gm/ml flo-
'tation of 1e01th1n protein complexes, containing LCAT act1v1ty, -
occurred 51nce activity wes clearly demonstrated in thevtop fractions.
Howeyer, under'the conditions used?, it is possible that flotation |
of all of the enzyme initially present in the mixture did notvoccur,
and hence a significant amount of LCAT activity may still remain

in the bottom fraction. If the bulk of cofactor had been floated up
as iecithio'compiexes at the higher densities, theo me would expect
-_no detectable transesterificatioﬁ in the bottom fractions even
though'a significant'amount of enzyme might temain; In theyabsence

of cofécto;'there would Be a marked uﬁderestimation ofvthe actual
amount of'LCAT.activity preseﬁt‘in theubottom fréctions, and because
“ofvthis, the appérent fecoverable.totaliactiVity of\the samples
ultfécentrifuged at d>1.iO gm/m1'w0uld be lower than of those ultra-
rcehtrifuged.ét d<1.lb gm/ml. |

In view of the above discussion, the lack of LCAT activity in

1 Since uItracehtrifugél-flotatioﬁ'of:LCATPactivity with HDL has been
shown to be less effective in media of high ionic strength, the
possibility that the association between LCAT and the lecithin dis-
persions is sensitive to high ionic strength is very likely. Thus,
~during ultracentrifugation in high salt, appreciable amounts of

LCAT activity might not associate with 1ec1th1n dispersions and

hence might remain in the bottom fraction. :
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 the,bottom frgq;ions, when'preincubafion mixtures of the d>»1.21

' profein fréetién éhd iéCithin dispersions were ult:ééentfifugedf

at d>l;15 gm/ﬁl, mighflnot be due to the absén¢e of LCAT, but to

the deplgtion of a cofactor which was cbmplexed with the lecithih '

, dispefsions;énd removedvdurihg pitrécentrifugation. In support of
this propdséd explaﬁétion we observéd no sighificant differences in

- éctiQitieé when tﬁe'cop, miqdle and bottom fractiéhslof samples. .
ultracentrifuged at the various densities were recombined and_assayed

(Figure 8).
c. Effect of HDL Apolipoproteins on Assay of LCAT Activity.

'.éince HDL is fhe preferred substrate of LCAT (3), énd the
major apolipopréteinsldf HDL have been showﬁ to form complexes of
d 1.063ﬁ1.21 gn/ml with sonicated &iSpersions“of'letithin (162), 1
. dgcided po,investigate ﬁhé poésibility that one of the_gpolipoﬁro—
-feins‘pvabL Eou1d 5e:the cofgéﬁor pfoposed abo&e.As indicaped in
" "Table 17, addition of apoLPFgln.I dramatiéally increased the
% éhoiésterol esferified; wﬁe;eas addition of other HDL apolipopro-
téins‘haa a.ﬁuéh sma11er;efféé£;3From tﬁesé_rgsults; it”is evident
ﬁhat époLP—gLn I is probébly a requiredvcof;ctor in the transesgeri—
fication'reacﬁiqﬁ catalyzed by LCAT. The manner in which this épolipo-
:protein pfoﬁotes such activation will be investigéted in later

sections.

d. Effect of Duration of Ultracentrifugation (d 1.21 gun/ml-KBr) on'’ "

- the Association of LCAT Activity with Lecithin Dispersioné.




TABLE 17

ULTRACENTRIFUCAL DISTRIBUTION OF LCAT ACTIVITY FOLLOWING INCUBATION
OF THE d>-1.21 PROTRIN FRACTION WITH SONICATED DISPFRQIOV OF LECITHIN.
FFFFCT OF APOIIPOPROTEINS ROM HDL ON ASQAY OF BOTTOM FRACTION.

The 2 ml bottom fraction (in‘0.0l M Tris HC1 buffer, pH 7.4, contain-
~ing 0.26 M NaCl and 0.1 mg/ml EDTA) obtained by the method described
~in Table 16 was assayed One—half ml of thls fraction was mixed with
0.25 ml of apolipoprotein (0.8 mg/ml; in O. Ol ‘M Tris HCL buffer,

"pH 7.4, containing 0.1 mg/ml EDTA) and 0.25 ml of sonicated substrate
(in 0.0l M Tris HCl; pH 7.4, containing 0.1 mg/ml EDTA).

substrate solutlon used contained suff1c1ent mercaptoethanol to

raise the concentratlon of mercaptoethanol to 0.01 M in the final .
assay medlum. The mixtures were incubated at J7OC‘for 25 hours,,aﬁd'
the perceﬁt cholesteroi’esterified was determined as‘described in -

v‘ Meterials and Methods. In the control, 0.01 M TrisdHCl buffer (pH.
7.4, containingvo.l mg/ml EDTA) was added instead of the solution

 containing the apolipoproteins.

Apolipoprotein Added?® v % Cholesterol Esterified
Peak B (apoLP-gln I) ‘ - L6k

Peak C (apoLP-gln II)Z® 14. 5

Peak D (mixture of apoLP -ala, apoLBaser,

and apoLP-glu) . A 9.7

Control 2 : » | 5.8

Peak B alone S 0.3

Peak C alone | 0.2

Peak D alone | o _ 0.3

t See Materlals and Methods for nomenclature of apollpoprotelns.
2 When peak C was assayed by polyacrylamlde gel electrOphore51s,-a
trace amount of apoLP gln I was detected. Hence, value for the %
cholesterol esterified wes probably higher than would be determined

 fof apoLP-gln II alene.



containing LCAT activity could now be examined more thoroughly.

90,

In order to determine the effgct of duration of ultracentrifu-
gation on the association of LCAT and lecithin dispersions, ;he
preinéﬁbation mixtufe, consisting of.the d>1.21 protein fraction
plus fhe sonicated disperéions of lecithiﬁ, was adjusted to d 1.21
gm/ml-ﬁy addition of solid KBr aﬁd then ultrécentrifuged for 48
and 72 hours at.llh,OOO X g, 10°C. Table 18 summarizes the distri-
bution éf éctivity when the ffactidns were aséayed in the presence
and.absence of added cofactor, apolP-gln I. As indicated, wﬁen assay
was déne with added apoLP-gln I, the_percentage distriﬁution of

total activity within the tube obtained in the 48 hour ultracentri-

fugal period was 4C%, 21% and 39% (top, middle and bottom reSpectivgly),h;_v

and in. the 72 hour ultracentrifugal'period’was 3k, 15% and 515

(t0p,‘midd1e and bottom respectively). If we assume that in the

presence of added apoLP-gln I the amount of cholesterol esterified .

corresponded to the true LCAT level, then it'would appear that
longer periods of ultracentrifugation tended to promote more disso-

ciation of LCAT activity from the sonicated dispersions of lecithin.

e. Ultracentrifugal (d 1.21 gm/ml) Flotation of Lecithin Dispersions

Containing LCAT Activity. Low vs. High Ionic Strength.

Since the addition of:apqLP—gln I into the regular assay medium

~ enabled the detection of LCAT activity which previously was undetect-

able in certain ultracentrifugal fractions, the effectiveness of . -

low and high ionic strength in ultracehtrifugal flotation of compleiés
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TABLE 1&

ULTRACENTRIFUGAL DISTRIBUTION OF LCAT ACTIVITY FOLLOWING INCUBATION

OF THE d>1.21 PROTEIN FRACTION WITH SONICATED DISPERGIONS OF -

LECITHIN. EFFECT OF TIME OF ULTRACENTRIFUGATION (d 1.21° gm/mlfKBr)

AND ASSAY IN THE PRESENCE OF APOLIPOPROTELN (apoLP-gln I).. .
Ultracentrifugal fractions were prepared as described iﬁ Table 16.
After dialysis of the fractions against 0.01 M Tris HCl buffer

(pH 7.4, containing 0.26 M NaCl and 0.l mg/ml EDTA), enzyméIactivityI-
was assayed in the presence and absence of added apoLP;gln I. The
compbsition of the final assay media was as follows: 0.5 ml ultra-
centrifugal fraction, 0.25 ml sonicated substrate (in 0.0l M Tris

HCl buffer, pH 7.4, containing 0.1 mg/ml EDTA and sufficient mercap-
toethanol to raise its concentration in final assay medium to 0.0l
M),:Oy25 ml apoLP-gln I (2.0 mg/ml; in 0.01 M Tris HCl buffer, pH 7.k,
containing 0.1 mg/ml EDTA) or 0.25 ml of the same buffer without the
'apolipoprotein. Incubation and determination of cholesterol esterified

were performed as described in Materials and Methods.

Ultracentrifugal f % Cholesterol Esterified*
Fraction: Ultracentrifuged | | Ultracentrifﬁged
for 48 Hours for 72 Hours

with ~ Without With . Without

apoLP-gln I apolP-gln I  apoLP-gln I apolLP-gln I
“Top 49.7 (40)  25.% (81) L1.0 (34)  19.3 (68)
Middle . 26.8 (21) 2.2 (7) - 174 (13) 1.5 (5)
Bottom  L48.9 (39) 3.7 (12) . 61.1 (51) 7.6 (27)

1 values in parentheses are the percentage of the sum of % cholesterol

esterlfled in each of three fractions.



As in previous experiments, the d>1.21 protein fraétion was
pfeincubated with a sonicated dispersion of 1e¢ithin for 0.5 hours
at 37°C. The above incubation mixture Qas then adjusted to d 1.21
gm/ml gither by addition of a KBr-H=0 solutibn or a sucrose-D20
solution. The samples were ultracgntrifugediat 114,000 X g, at 10°C
for 60 hoursvinstééd of the regular 48 hours to ensure that density
equilibrium had beeh réached. After cbllection of the fractions,-and
dialysis against buffer, LCAT activity was assayed in the presence
of added apoLP-gln I. As indicated in Table 19, significantly
higher amounts of LCAT activity were detected in the top fraction
when ultracentrifugation was done at low ionic strength than at
high ionic strength. The opposite was the case when activities of
the bottom fractions were compared.

The results presented in this section provided no data on the
effect of low vs. high ionic strength on flotation of lecithin
disPérsions containing cofactor.(apoLP—gln I)'activity. When
ultraéentrifugation wa§ done in high galt only very low levels Qf
LCAT activity could be detected in the bottom fraction when no
aﬁoLP—gln I was added to the assay medium (see results of Table 18).
These results indicated that the flotation of.complexes, containing
.apoLP—gln 1, was ébmplete under the condifi§ns used, and the
association between apolP-gln I and lecithin dispersions was

apparently stable at high ionic strength.

f. Mechanism of ApoLP¥g1n I Activation.

92.
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TABLE 19

ULTRACENTRIFUGAL DISTRIBUTION OF LCAT ACTIVITY FOLLOWING INCUBATION‘
OF THE d>1.21 PROTEIN FRACTION WITH SONICATED DISPERSIONS OF LECITHIN.
EFFECT OF ULTRACENTRIFUGATION IN SUCROSE-D20 (d 1.21 gm/ml) vs.
KBr-H-0 (d 1.21 gm/ml). o

Four ml of d>1.21 protein fraction (in 0,01 M Tris HCl-buffer,_pH
7.4, containing 0.19 M NaCl and O.1 mg/ml EDTA) were pfeihéubafed
with 4 ml of a Sonicated dispérsion of lecithin (5.0 mg/ml; in

0.01 M Tris HC1, pH 7.4, containing 0.1 mg/ml EDTA). After preincuba-
tion, 4 ml of the mixture were adjusted to d 1.21 gm/ml by addition
of a sucrose-Dz0 solution (2 ml) while the remaining 4 ml were
adjusted to the same density by addition of a KBr-Hz0 solution (2 ml).
Ultracentrifugation (60 hours) and assay of LCAT‘actiVity, in

presence of apoLP-gln I, were done as described in Table 18.

Ultfacentrifugal % Choleétefql Esterified®
Fraction Sucrosé-Dgo KBr -H=-0

Top ~78.9 (47) 47.8 (25)
Middle ~ 54.6 (33) T 63 (33)
Bottom _ 33.3 (20) . - 8.6 (h2)

1 vValues in parentheses are the percentage of the sum: of % cholesterol

esterified in each of the three fractions.
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I héve previously noted that HDL is apéarently the preferred
substrate of LCAT in the bloodstream (3, 4k), and that apoLP-gln I
is one of the two major apolipoproteins of HDL (101, 106, 107, 108).
Although apoLf-gln I has been shown as a ﬁajdr requirement for the
transesterification'reactipn catalyzed by LCAT; the mechanism whereby
it‘promotes transestéfification.iSStill not clear. This is true either
when apoLP-gln I is bound to HDL or to sonicatéd substrates. Since
apoLP-gln I has been shown to play a crucial role in the organiz;-
tion of sonicated dispersions of lipids into HDL-like structures
(102), it is possible that apoLP-gln I might promote LCAT activity
by orgénizing lipid dispersions into forms more_reactive with LCATf
To investigate this possibility, the following experiment was
performed. The d>1.21 protein fraction, as a source of LCAf‘activif?, 
was incﬁbated with increasing amounts of sonicated lipid substrateé K
in.the presence and absence of added apoLP—glﬁ I. The initial rate
of reaction at each level of lipid substrate was determined, and
the data are plotted as shown in Figure 9. At»substrate levels up
to 0.1 wmoles unesterified cholesterol/ml assay medium®, the initial
rates éf the samples incubated with and without apoLP-~-gin I were
rather similar. As the substrate levels were increased to 0.2 pmoles
unesterified cholesterol/ml assay medium, the iqitial rate of the.

sample without added apoLP-gln I reached a plateau while that with

1 The substrate used in this case actually contained both unesterlfled-i

cholesterol and lecithin in the molar proportion as described in
Materials and Methods (Chapter 2). Micromoles of unesterified
cholesterol was used as a convenient way to designate substrate
CODCGnLIOtJOH.
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FIGURE 9 : ‘
EFFECT OF ApoLP-gln I ON THE INITIAL RATE OF ESTERIFICATION AT

' DIFFERENT CONCENTRATIONS OF SONICATED SUBSTRATE.

" Incubation mixtures consisted of O. 5 ml d»1.21 protein fracrlon
“(in 0.01 M Tris HC1, pH 7.4, containing-0.26 M NaCl and 0.1 mg,/ml -
EDTA), ©.25 ml sonicated substrate (in 0.0l M Tris HCl, pH 7.L,
containing C.1 mg/ml EDTA and C.04 M mercaptéephanol), and 0.25 ml

. apoLP-gln I (0.75 mg/ml; in 0.01 M Tris HCl buffer, pH 7.L, éontain-
ing 0.1 mg/ml EDTA). In the control, 0.25 ml Tris HCl buffer (pH
T.%, containing 0.1 mg/ml EDTA) was substituted for the apoLP-gln I

solution.

95.
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the added apolP-gln I éontinued to increase lihearly. This result
indicated that the presence of apolLP-gln I enabled the LCAT reaction
to proceed without saturétion at higher levels of substrates. There
are at least two possible explanatioﬁs for this observation. First,
the presence of apolP-gln I may directly activate LCAT so that
moré'pransesterification can take place per unit of time. Secbndly,
apolLP-gln I may bind witﬁ sonicated lipid subst;gte dispersions,

and may thereby enhance their reactivity against LCAT. If the
addition of apoLP—f'is'reSponsiblg for convertihngCAT to-giﬁore ac-
tive form, an increase in the rate‘of esterification would probably -
have been observed at both high and low substrate levels. Since
therevwas no significant difference in initial esperification

,;ates at low substréte levels bétween the samples incubated with

" and without apoLP-gln I, the possibility that apoLP-gln I activates
LCAT is unlikely. |

| Iﬁ ér&er to further evaluate the possibility that aéoLP—gln I
binds with lipid dispersions and enhances their reactivity against
LCAT, the following experiment was performed. The bottom fraction
obtained by the preincubation and ultracentrifugal flotation proce-
dure previously described'(see Table 16) wés used as a source of an
essentially apoLP-gln I-free LCAT.preparation. The enzyme preparation
was divided into aliquots and incubated with increasing amounts of
apoLP-gln I at ‘three subs;rate concentratioﬁs, Ihe % cholesterol
esterified, as an indication of the sﬁbstratefs reactivity. against

LCAT, was plotted as a function of increasing apoLP-gln I (Figure 10).
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FIGURE 10
EFFECT OF ApolP-gln I ON SUBSTRATE PROPERTIES OF SONICATED DISPERSIONS

USED FOR ASSAY OF LCAT ACTIVITY.
Incubation mixtures consisted of 0.5 ml bottom fraction (obtained

by the procedure described in Table 16; in 0.0l M Tris HC1 buffer,

‘pH 7.4, containing 0.26 M NaCl and 0.1 mg/ml EDTA), 0.25 ml sonicated = .-

substrate (in 0.01 M Tris HCl, pH 7.k, containing C.1 mg/ml EDTA

and 0.0k M mercaptoethanol), and 0.25 ml apoLP-gln I.(concentration
as indicated in figure; in 0.0l M Tris HCl buffer, pH 7.4, containing
0.1 mg/ml EDTA); Incubation was performed at 379C for 24 hours.
Determination of the % cholesterol esterified is described in

Materials and Methods.

1 since the maxiQO possible conversion of cholesterol to cholesteryl
ester in the sonicated substrate is 100%, I have used the ¢ choles-
terol.estérificd to indicate the increaée.in_reactivity of sonicated
substrates, at each of the three substrate levels, resulting from

the addition’offapoLP—gln I to the assay media..
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At alllsubstrate concentrations.there was'mihiwal 9% cholesterol
'esterified withfao aﬁoLP‘gln'i’addition. When the'concentration‘df
apoLP-gln I wae incfeased,"a taﬁid ihctease in % cholesterol |
esterified resulted At higher concentrations of atoLP—gln I, the

% cholesterol esterlfled reached a plateau. In addition to. the

trend deccrlbed above, Flgure 10 "also shows that the lower the
substrate level the lower the amount of apoLP gln I requ1red to
.reach max1ma1 % cholesterol esterlfled Based on the. results descrlbed
uvf;in Figure 10, the following .are evident: 1) sonicated dispersions

&japf Iipid substrates require a certain amount of apoLP-gln I in

':.“tnﬁrder for the dispersion to react with LCAT (this is indicated by
" “the rapid rise of % cholesterol esterified at all substrate concen-

‘”T{trations when apoLP-gln I was added to the incubation mixtures); 2)

"the amount of apoLP-gln I required for activation of lipid dispersions
is highly depepdentvon‘the.eohce@tratipn-of liéid,dispefsiens (thus,
at higher concentrations of lipid aubstrate; higher ameunts of apoLP-
gln I are required to reach a maximuﬁ value ef % cholesterol esteri-
fied); 3) once thefOptimal ameunt of apoLP—ginvIvreduired for
-maxihum activation is reached, additional apeLP—gln I appears to
slightly inhibit the % cholesterol esterified; L) when apoLP-gln I

ie not added, the highest % cholesterol esterified detected was in

the sample with - the lowest substrate level.,The latter observation
probably indicates that a very small amouﬁt of apolP-gln I was
present in the original eqzyme pteparation, since at 1qw_eopeentra;

tions of lipid dispersions in the assay system, low amounts of

e
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‘apoLngln I were required for activation. Based on fhe results of
these experiments, it is reasonable to assume that apoLP-gln I-
forms complexes with sonicated lipid substrate dispersions, and it

.is these lipid-protein complexes-that probably serve as substrates

for LCAT.
IV. Discussion

In the present study we have developed two interesting aspects
conécrning the interaction between LCAT activity and sonicated
dispersions of lipids. First, we have shown that a significant
amount of LCAT activity, associated with lecithin dispersions, can
be floated in a Kbr medium of d 1.21 but not of d 1.055 gm/ml.
Secondly, we have shown that an HDL apolipoprotein, apolP-glu I, is
apparently a major requirement for activation of sonicated dispersions
of substrate lipids. Without such activation no transesterification

can.take place even though LCAT is present in the assay medium.

a. Recapitulation of the Results on the Ultracentrifugal Flotation

of LCAT Activity Using Sonicated Dispersions of Lecithin.

Based on the results of the work presented in this thesis, it
is evident that LCAT activity, contained in the d>1.é1 protein
fractibn, can associate with lecithin dispersions and float, in
high salt, at d-1.10 gm/ml.‘When a preincubation mixture of d»1.Zz1
protein fraction and sonicated lecithin dispersions was ultracentri-
fuged at d 1.21 gm/ml iﬁ-KBr, LCAT activity, a;sociated with lecithin

dispersions, could be detected in the top fraction without addition
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of cofactor (apoLP-gln I) to the assay médium. On thebother hand,.
.the LCAT activity remaining in the bottom fréction;-pdssibly associated
with trace.amounts of lecithin, could not be detected unless the
cofactor (apoLP-gln I) was added to the assay medium. In light of
these results, it is evident 1) that only part of the total LCAT
actiQity in the d>1.21 protein fraction was associated with‘the
lecithin dispersion and floated at d<1.21 gm/ml, and 2) that a
significant amount of apoLP-gln I, associated Qith the lecithin
dispersions, was floated at d<l.21 gm/ml. |

In contrast to the association between HDL and LCAT, the asso-
ciation between lecithin dispersions and LCAT is apparently more
stable in high ionic strength media. The féason for this is still
unknown. |

-So far we have omitted in our discussion results obtained from
ultracentrifugal flotation studies performed at d 1.065 and d 1.21
gm/ml in sucrose instead of KBr. The reason fof this is severalfold.
First, sucrose tremendously increased the viscqsity of the ultra-
ceﬁtrifugal media, and the ultraCentrifugél distributions of LCAT
actiyity in association with lecithin dispersions; in such viscogs
media, could not be adequately compared with those obtained using
KBr. Secondly, since the extent of ultracentrifugation was shown to
be critical ‘in determining the amount of dissociation of LCAT activity
from lecithin dispersions, it was difficult to determine an optimal
time required to reach equivalent flotation without at Lhe same
time‘risking the dissociation of LCAT activity from lecithin disper-

sions.
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fﬁe results of the ultracentrifugal experiments with sucrose
havevprovided suggestive evidence that the association of LCAT
activity with lecithin dispersions is sensitive to high ionic
strength. Ho&ever, it is difficult to make a definitive statement,
based on the current ultracentrifugal data, concerning the effect
of ionic strength on the stabiligy of the enzyme-lipid (or enzyme-
lipid-cofactor) complex. In order to avoid thg drawbacks arising
from the present ultracentrifugal flotation technique, we are
currently developing a gel filtration colump system whiéh can test
the éffect of ionic stength on complex stability without using the
extreme conditions (high viscosity and high centrifugal force) as

described in the present procedure,

b. Implication of the Present Work to Considerations of the Physio-

logical Function of LCAT.

In this study we have demonstrated cohclusively that HDL apolipo-
protein, apoLP-gln I, is a crucial component in the activat;on of
lipid disﬁersions for transesterification by LCAT. In agéeement
with our results, Fielding and Fielding (29) recently have shown that
sonicatea dispersions of 1ipids could not serve as spbstrates
for an LCAT preparation purified 2700 fold; however, addition of HDL
protein, very high density lipoprotein proteinl and d>1.25 gm/ml
serum proteins into the assay med;um signifipantly increased
reactivity of these sonicated dispersiqns of lipids. Furthermore,

1 The very high density lipoproteins are usually defined as those
lipoproteins having a hydrated density of 1.21 to 1.2 gm/ml.
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in the same study, Fielding and Fielding fouﬁd that HDLg was a much
.better substrate than HDLp. This could probébly be explained by
'Lhé fact that HDLy; contain a higher proportion of apolLP-gln I than
HDLz (€).

The mechanism whereby apoLP-gln I proﬁotes the reactivity of
leithervlipoproteins or dispersed lipids aé substrates for trans-
esterification is still not clear. It is well established that
apoLP-gln I is one of the two ﬁajor apolipopfoteins in HDL (101, 106,
107, 108). Recently, Scanu et al. (102) have suggested that this
apolipoprotein might be cruciél in maintaining the structure of
HDL, and in support of their findings they demonstrated that sonicated
products of apoLP-gln I and HDLé lipid extract showed physical-
chemical characteristics very similar to those of the native HDL:.

. It is possible that apoLP-gln I can enhance the reactivity of
lipid dispersions by binding with them to form HDL-like structures.
Suﬁporting this idea, our laboratory (34) has recently obtained
electron micrographs of sonicated mixtures of apoLP-gln I with various
polar and apolar libids. As indicated in Figure 11, some of them
show remarkable resemblence to native HDL. Moréover, the discoidal
structures obtained when apoLP-gln I was sonicated with either
lecithin or mixtures of lecithin with unesterified cholesterol shéﬁed
eX;eptional similarity to an HDL fraction obtéined froﬁ LCAT
deficient patients (32) (Figure 1 and Figure 11-1 and -2). When a
preparation of sonicated mixtures of apoLP-gln I with lecithin and

unesterified cholesterol was incubated with a d>1.21 protein fraction,




FIGURE 11
ELECTRON MICROGRAPHS OF SONICATED MIXTURES OF HDL APOL1POPROTEINS
WITH VARIOUS POLAR AND APOLAR LIPIDS (32).

1. A negatively stained sonicated mixture of apoLP-gln I (0.11 mg/ml)
plus lecithin (0.16 mg/ml). Discoidal and stacked structures pre-
dominate. Magnification 212,000 X.

2. A negatively stained sonicated mixture of apoLP-gln I (0.1l mg/ml),
lecithin (0.11 mg/ml) and unesterified cholesterol (0.05 mg/ml).
Discoidal and stacked structures, similar to those observed in 1.,
predominate. Magnification, 212,000 X.

3. A negatively stained sonicated mixture of bovine serum albumin
(0.11 mg/ml) plus lecithin (0.16 mg/ml). Numerous elongated struc-
tures, some of which form closed loops, as well as vesicles can be
observed. Magnification, 137,000 X.

L. A negatively stained sonicated dispersion of lecithin (0.16 mg/ml).
Elongated structures, many of which form closed loops, predominate.
Magnification,13%,000 X.

5. A negatively stained sonicated mixture containing apolLP-gln I

(0.10 mg/ml), apoLP-gln II (0.O4 mg/ml), lecithin (0.09 mg/ml),
unesterified cholesterol (0.02 mg/ml) and cholesteryl ester (0.10
mg/ml) . Spherical particles some of which approach the dimensions

of native HDL can be observed. Magnification, 189,00C X.

6. A negatively stained sonicated mixture of lecithin (0.13 mg/ml),
unesterified cholesterol (0.03 mg/ml) and cholesteryl ester (0.15
mg/ml) . Amorphous masses and some myelin-type figures can be observed.
Magnification, 137,000 X.

7. A negatively stained preparation of the d 1.063-1.21 gm/ml frac-
tion of a sonicated mixture containing apoLP-gln I (3.00 mg/ml),
lecithin (2.77 mg/ml) and unesterified cholesterol (0.23 mg/ml).
Stacked discs are the predominant structure. Magnification, 212,C0C X.
8. A negatively stained preparation of the above fraction isolated
after incubation (24 hours, 57°9%) with LCAT activity. The disc-shaped
structurces scen in {. have been transformed into smaller particles

which are similar to native HDL. Magnification, 212,000 X.
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conversion of discoidal to spherical structures resembling normal
.HDL resulted (Figure 11-7 and -8). From these results; it is
evident that apoLP-gln I can organize lipid dispersions into
structures which are similar to nprmal HDL,and into struc£ures
similarﬂto naturally occurring lipoéroteiﬁs which héve not been
sub jected to'transesterification by LCAT.

Although we have learned a lot about the effect of LCAT activity
on lipoprotein morphology, the role tﬁis enéyme has on lipoprotein
metabolism is still speculative: Schumaker and Adams (103) have
suggested that LCAT may be required'fpr’removal of polar lipids
(lecithin and unesterified_cholesterol) from the sﬁrfaée'of VLDL
ip order for the triglyceride moiety belbw the surface to be
hydrolyzed by 1ipoprbtein lipase. Recently, a number of inQestigators
have prdvided strong evidence indicating that the hydrolysis of VLDL-v
triglyceride by lipoprotein lipase-could lead. to the converéion
of VLDL to LDL-like molecules_(68). Whether the high density lipo-
proteiﬁs are similarly produced, with the.aid of LCAT activity,
~during VLDL metabolism is not clear.

Utilizing the results obtaiﬁed in this theéis and ideas from
two éxisting theories of LCAT function (43, 103), I have developed
a écheme showing a possible role for LCAT in the metabolism of
human serum lipoproteins, particularly VLDL. The general aspect of
this séﬁeme’is outlined in Figure 12, VLDL are first secreted into
the bloodstream from the liver. During their circulatipn in the

vascular system, their triglycerides are hydrdlyzed into diglycerides,
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FIGURE 12 |
PROPOSED SCHEME FOR VLDL METABOLISM BY LIPOPROTEIN LIPASE AND
LCAT.

'apoLP—gln I

E;O____,OM_T_.____, LIVER

3
Phospholipid- HDL-like )

rich particle particle % _
% " Y s
< S g v ‘
—LPL TISSUES -
AND RBC

LDL-like particle
(low in CSE)

S
son
‘91 ‘14

Abbreviations: LPL, lipoprotein lipase; LCAT, lecithin: cholesterol
acyltransferase; PL, phospholipid; TG, triglyceride; UCS, unesterified
cholesterol; CSE, cholesteryl ester; RBC, red blood cells; HDL, high
density lipoprotein; LDL, low density lipoprotein; VLDL, very low
density lipoprotein. ' ‘
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monoglycerides, and fatty acids by lipoprotein lipase presénq in

the blood vessel walls. As additional triglycerides are hydrolyzed,
and the hydrolyzed products removed from VLDL, - the molar contents

of phospholipid and cholesterol of these.lipoproteins are increased.
Conséquently, because of this build-up of phospholipidAand'cholestérol;'
VLDL become less effective as substrate for lipoprotein'liﬁase.
Furthermore, because of the change in lipid composition, the naﬁive'
structure of VLDL could become less stable, and small lipoprdtéiﬁ |
units, rich in phospholipid. (possibly containing some triglycerides,
‘cholesferol and apolipoproteins), dissociate from the pafént'lipoé
protein. Since the presence of excess phospholipid in triglyCeride
emulsions has been shown to inhibit lipoprotein lipase activity (27),
the removal of phospholipid-rich lipoprotein units would probably
lead to further hydrolysis of triglycerides of the remnants of VLDL.
As additional triglycerides are hydrolyzed, and phospholipid-rich
particles removed from these remnants of VLDL, molecules resembling
LDL in size and shape may be produced. At the same time, the
phospholipid-rich particles, derived from VLDL, may become activated
for transesterification by LCAT by association with apoLP-gln I
(this apolipoprotein can either be present as a free protein or as
part of the existing HDL) in the bloodstreém. As cholesteryl esters
are generated, an apolar'core, possibly with some pre-existing
triglycerides, is formed. Organization of protein and phospholipid
around this core could lead to structures resembling ﬁDL. Further

esterification of these HDL-like molecules produces additional
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cholesteryl estérs, an& exchange of lipid components among the
different classes of lipoproteins begins to take place. In addition,
thé reduction in unesterified cholesterol, resulting from transesteri-
fication catélyzed'bvaCAf,'induces a net uptake of cholesterol

from tissue membranes to HDL. Because of this net uptake, cholesterol
from tissue membranes can be transported, using HDL as carriers, to
the iiver for metabolism.

The proposed SCheﬁe does not describe the details of how
lipoprotein lipase and LCAT affect the interconversion of lipoproteins.
I believe, however, that it intergrates much.of the existing data
on the interaction of LCAT and lipOproteins,'and suggests several

hypotheses which may be of interest to test.




o g g e 8 o

APPENDIX

I. Foreword

All work presented in the Appendix section was perfqrmed prior
to my demonstration fhat apoLP-gln I is a major cofactor required
for activation of sonicated substrates for transesterificétion by
LCAT. Hence, the studies described below utilized our inifial éSSay
system which determined the presence and eXteﬁt of LCAT aétivity

only when adequate apoLP-gln I was present.
Ii. Some Characteristics of LCAT Activity and Its Purification

in the following sections I havelinvestigéteﬁ tﬁe behavior of
LCAT activity by molecular sieving chromatography, DEAE-cellulose
chromatography and ammonium sulfate precipitation. It was hoped
h'that by utilizing the reéults of ﬁhesg studieé a logicai séquence
of steps could be developed for the purification of LCAT. In
addition, the dafa obtained in these experiments have provided

insight into the physical characteristics of the enzyme.
a. Molecular Sieving Chromatography of the d>1.21 Protein Fraction,

A sample of the d>1.21 protein fraction was chromatographed
on'a Sephadex G;EOO column under the conditions described in Figure
13, The distribution of enzyme activity as well as the distribution
of protein are shown in Figure 13. As indicated, the bulk of enzyme

activity was recovered.in the third protein peak, which corresponded

111.
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FIGURE 13

CHROMATOGRAPHY OF d>1.21 PROTEIN FRACTION ON SEPHADEX G-2CO.

Five ml of d>1.21 protein fraction (in 0.0l M phosphate buffer,

pH 7.&, containing 0.19 M NaCl and 0.1 mg/ml EDTA) were chromatographed
on a Sephadex G-200 column under the following conditions: columm
dimensions, 2.5 cm X 100 cm; flow rate, 20 ml/hour; volume of each
collected fraction, 16.8 ml; temperature, 4°C; direction of flow,
.ascending; eluting buffer, 0.C1 M phoéphate buffer (pH 7.4, contain-
ing 0.19 M NaCl and 0.1 mg/ﬁl EDTA). Protein concentration in the
effluent was continuously moﬁitored-by absorption at 28C my. Enzyme
activity in each collected fraction was determined in the presence

of 0.01 M mercaptoethanol as described in Materials and Methods.
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to the region where thé»bulk of albumin was elﬁted (30). Iﬁ

additién to the major peak, a minor peakvof LCAT activity was élso
detected at the tail region of the second eluting protein peak.

Since HDL We;e eluted primarily in the régibn of the second protein
peak (57), the minor peak of LCAT activity obsefved in this case was
. probably due to ;omplexes containing LCAT and‘HDL—related material,
which was present in the d>1.21 proteih fraétion. Althoﬁgh the column
used in this experiment was not célibfated“for molecular weight
determination, judging frém-the elution pfofile of LCAT activity

this enzyme probably has a molecular weight below 100,000 daltons.
b. DEAE-Cellulose Chromatography of the d>1.21 Protein Fraction.

Figure.lh shows an'experiment in which freshly prepared d>l.él
protein fraction was cﬁfoﬁatographed on a DEAE-cellulose column
using ‘a combined ionic and pH gradient for elution.'The resulté
clearly indicate tha; LCAT activity was strongly adsorbed onto
the anion exchanger, and was ﬁof eluted until felatively extreme
conditions (pH 4.6, 0.5 M Tris phosphate) were reached. The combined
pHvand ionic gradient usedbon DEAE-cellulose chromatography produged
much better resolution than earlier experiments ofIGlomset and
Wright (L4O) using a linear NaCl gradient (from O to 1 M NaCl). Thué,
under appropriate conditions, DEAE~cellulose chromatography could

be a‘potential_technique for the purification of LCAT.

c. Ammonium Sulfate Pfecipitation of LCAT Activity in the d>1.21

Protein Fraction,
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FIGURE 14 )

CHROMATOGRAPHY OF d>1.21 PROTEIN FRACTION ON DEAE—éELLpLOSE USING

A COMBINED pH AND IONIC ELUTING GRADIENT.

Four ml of d>1.21 protein fraction (in 0.005 M Tris phbsphate buffer,

pH 8.6) were chrdmatographed on a DEAE-cellulose anion ekchange

column under the following conditions: column dimensions, 1.5 cm X

16 cm; flow rate, 160 ml/hour; volume of each collected fraction,

32 ml; temperature, 4°C; direction of flow, descending; star;iﬁgv

buffer, 0.005 M Tris phosphate buffer (pH 8.6); limiting buffer,

0.5 M Tris phosphate buffer (pH 4.6). A nonlinear combined pH and

ionic eiuting gradient was produced by a gradient pump (Progrémmed‘
Gradient Pump, Model 380, Instrumentation Spgciality_Co., Inc., |

| Lincoln, Nebraska) using the settings of 0.0, 7.5, 10.0, 12.5, 15.0,

17.5, 20.0, 50.0, 50.0 and 100.0 (% of limiting buffer). Time of

program was 1 hour. Protein concentration in the effluent was

continuously monitored by absorption at 280 my. The fractions

collected were diélyzed against 0.01 M pﬁgsphate buffer (pH 7.k,

containing 0.26 M NaCl and 0.1 mg/ml EDTA) prior to assay of LCAT

activity, in presence of mercaptoethanol (0.0l M), as described in

Materials and Methods.



],IL/.

20

o

T

[ I

10

1e uonglosqy

"

Fraction number

DBL 723-5196



117.

Déta on the amount of LCAT activity precipitated from a d>1;21
protein fréction at various saturation levels of ammoﬁium sulfate
are shmmarized in Table 20. As indicated, complete precipitatiénqu
LCAT activity was observed in the region between 30 to 50% satura-
tioﬁ. This coriesponded closély to the region.wﬁefe the alpha and
beta giobulin proteins were precipitated. Since the bulk of serum
albumin did not precipita;e'until approximately 60% saturation, the
ammonium sulfaée precipitation method offers‘an easy and quick way
of removing albumin from enzyme preparations. By using this diffefeh-

tial precipitation techﬁique, LCAT activity could be purified

apporximately 2.7 fold from the d>1.21 protein fraction.
d. Purification of LCAT Activity.

Initial attempts toﬁpurify LCAT from serum Qere made_by Glomset
and Wright (40). Using a combination of ion exchange and absorption
chrométography, they were able to obtain a 37 fold purification.
More recently, Akanuma and Glomset (4), employing the technique of
affinity chromatography, were able to further purify LCAT approximately
SOQ_fdld. In the present wofk, several attempts were made to purify
LCAT,vand they are summarized schematically in Figures 15 A, B, C-
and D. As indicated, they all showed only minor successes, and the
best purification (approximately 500 fold) was obtained when LCAT
activity was complexed to sonicated dispersions of lecithin and
subsequently ultracentrifugally floated in a sucrose solution of

d 1.065 gm/ml (Figure 15 A). The enzyme fraction obtained by this
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| TABLE 20 A : .

PRECIPITATION OF LCAT ACTIVITY FROM THE d>1.21 PROTEIN FRACTION BY
AMMONIUM SULFATE. o o “

Two ml aliquots of d>1.21 protein fraction (in O;OlJM Tris HC1 buffer,
pH 7.4, containing 0.19 M NaCl and 0.1 mg/ml EDTA) were adjusted to
various saturation levels by addition of_solid ammonium sulfate?.

The mixtures were rotated gentiy for 2 hours at 4°C to ensure

complete precipitation of proteins. The mixtures were then centrifuged.
at 27,000 X g, 49 for 20 minutes. The clear supernaténts were removed,
dialyzed against 0.01 M Tris HCl buffer (pH 7.4, containing 0.26 M
NaCl and O.1 mg/ml EDTA), and assayed for LCAT activity, in presence

of 0.01 M mercaptoethanol, as described in Materials and Methods.

% of Ammonium Sul fate % of Original Enzyme Activity
Saturation ' ‘ Remaining in the Supernatanfv
0 | 100
30 - : , 100
ho - 6k
50 1
60 | <1
70 h <1

1 Amount of ammonium sulfate added was determined from data obtained

by Dixon (24).
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procedure was shown to‘contain (at least) 6 to 7 bands on polyécryl—
. amide gel electrophorsis.

Since apoLP-gln I is a requiréd éofactor when sonicated disper-
sions of a m;xture of cholesterol and lecithin are used as substrate
(séé Results of Chapter 3), the low yiéld and sudden loss of
enzyme activity encountered during fra;tionation migh;‘well have
resulted from a separation of apoLP-gln I from the bulk of the
enzyme. Thus, only slight or no LCAT activity would be detected
even though a particular fraction might contain high.leve1|of the
-enzyme which could be detected if apoLP-gln I.was added into the
;ssay‘medium. | |

Very recently, Fielding and Fielding (29) reported a purifica-
-tion of LCAT by approximately 2TOOAfold.‘The techniques they used
in éheir fractionation procedure héd features similar to those des-
cribed in this thesis. The highly purified LCAT was very labile, and
‘had a half life of oﬁly %0 minutes at 4°C. Furthermore, in their
Qofk with the purified enzyme, Fielding and Fielding (29) showed
that pure‘sonicated dispersions of 1ipids could not serve as
subsffate, and addition of HDL protein, very high density lipoprotein
prdteip, and d>1.25 gm/ml serum proteins signifiéaﬁtly increased
’thg reéctivity of ;he 1iéid dispefsions. This ré;ult corroborates
our finding that apoLP—gln:I %é ;eQuired to activate substrate
lipid dispersions.

In view of the lability of LCAT and the requirement of apoLP-

gln I when lipid dispersions are used as substrate, approaches to



FIGURE 15 A , |
OUTLINE OF A PURIFICATION SCHEME FOR LCAT: ULTRACENTRIFUGAL APPROACH.

Whole Serum

1 ml
2 ml

3 ml %__,

d>1.21 Pro

2 ml
2 ml
2 ml

2 ml %Z%

Y

ml

ml

Six ml of whole serum were adjusted to d 1.21 gm/ml
with KBr. The mixture was ultracentrlfuged at
114,000 X g, 10°C for 48 hours.

Contents were collected into 3 fractions. The
bottom fraction containing the bulk of LCAT
activity was dialyzed against a 0.01 M phosphate

buffer.

teln Fraction

The d>1.21 protein fraction was lncubated with

an equal volume of sonicated dispersion of lecithin
(5.0 mg/ml) at 37°C for 0.5 hours. The mixture

was cooled, sucrose solution added to raise density -
to 1.065 gm/ml and the final mixture was ultra-
centrifuged at 114,000 X g, 4°C for 24 hours.

Three fractions of equal volumes (2 ml) were
collected. The top fraction contained LCAT activity
complexed to sonicdted dispersion of lecithin,

Complex containing LCAT activity was dissociated
by treatment with 0.5% sodium taurocholate. The
mixture was adjusted to d 1.21 gm/ml with KBr,
and layered underneath a KBr solution of d 1.15

gm/ml. The sample was ultracentrifuged (114,C00 X
g, 4°C, 12 hours), and the bulk of LCAT activity
was recovered in the bottom 2 ml fraction.

Properties of the bottom fraction contai-
- ning LCAT activity:
1. Enzyme activity purified approximately

Y+ 500 fold.

2. At least 7 bands were observed when
sample was analyzed by polyacrylamide
gel electrophoresis.

o
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FIGURE 15 B
OUTLINE O A PURIFICATION SCHEME FOR LCAT: PRFCIPITALIOV PLUS

CHROMATOGRAPHIC APPROACH.
d>1.21 Protein Fraction (obtalned by procedure described in Figure 15 A)

The d>1.21 protein fraction was differentially precipitated
by addition of ammonium sulfate. The bulk of LCAT act1v1ty
was precipitated between 30 to 50% ammonium sulfate
saturation.

30 to 50% Ammonium Sulfate Precipitate

The ammonium sulfate precipitate, containing LCAT activity,
was dialyzed against a 0.07 M phosphate buffer (pH 6.7),
applied onto a hydroxylapatite column, and eluted with

0.07 M phosphate buffer (pH 6.7) under the conditions
described directly below.

Y
Hydroxylapatite Chromatography

Conditions of hydroxylapatlte chrOma—
tography: column dimensions 2.0 cm X

40 cm; direction of flow, descending;
eluting buffer, 0.07 M phosphate buffer
(pH 6.7). Protein.eluted in the void
volume was collected as one fraction.

- aw - -

[)
=z sl

Fraction Number

Absorption
at 280 my

The void volume from the preceding step, containing LCAT
activity, was concentrated, dialyzed in 0.005 M Tris
phosphate buffer (pH 8.6), and applied onto a DEAE-
Sephadex column. Elution was done with a combined pH

and ionic gradient. - '

Y |
DEAE-Sephadex Chromatography (chromatographic conditions were similar
_to those described in Figure 16)

o
38
'g_’ [
oS R
o
2 L__//\\_,z~/“4’“\$_____ Properties of the fractlon containing
< Yz, LCAT activity: :
Fraction Number . ‘1. Enzyme a;t1v1ty purlfled approximately

L, 20 fold

2. At least 6 to T- bands were observed
when this fraction was analyzed by
polyacrylamide gel electrophoresis.



FIGURE 15 C

1bUTLINE OF A PURIFICATION SCHEME FOR LCAT: PRECIPITATION PLUS
CHROMATOGRAPHIC APPROACH.

d>1.21 Protein Fraction

d>1.21 protein fraction and 30 to 50% ammonium sulfate
precipitate were obtained as described in Figure 17 B.

!
30 to 50¢% Amnonium Sulfate Precipitate

The ammonium sulfate precipitate was applied onto a .
Sephadex G-200 column (2.5 cm X 100 cm), and eluted with
a 0.01 M phosphate buffer (pH T7.4) containing 0.19 M

NaCl. The cross-hatched fraction contained the bulk of

‘ﬁ LCAT activity (see directly below).

Chromatography on Sephadex G-200 (chrmoatographic conditions were
similar to those described in

Figure 15)

Absorption
at 280 mp

Fraction Number ' _
The fraction containing”LCAT activity obtained from the
above step was concentrated and then incubated (37OC,
15 minutes) with HDL. The incubation mixture was then
applied onto a Sephadex G-20C column (2.5 em X 180 cm),
and eluted under the same conditions as in the previous
step. The cross-hatched fraction contained the bulk of
LCAT activity (see directly below).

-9
Chromatography on Sephadex G-2C0

Absorption
at 280 mu

272,

Fraction Number ,

The enzyme fraction obtained from the above step was raised
to d 1.21 gm/ml by addition of solid KBr. This mixture

was ultracentrifuged at 114,000 X g, 4°C for 48 hours.

The contents were collected into three fractions.

Y All three fractions contained slight to no LCAT
1 ml activity. Subsequent re-examination of this
3 isolation procedure indicated a marked loss of
e ml recoverable activity during the second chromatographic
3 ml ij _ step. The reason for this rapid loss of activity
might have been due to a separation of a cofactor

from the enzyme.
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FIGURE 15 D

OUTLINE OF A PURIFICATION SCHEME FOR LCAT: PRECIPITATION PLUS
CHROMATOGRAPHIC APPROACH.

Whole Serum )

: The density of serum was adjusted to d 1.21 gm/ml by
addition of KBr. The adjusted serum was ultracentrifuged
at 114,000 X g, 4°C for L48 hours. Three fractions were
collected The distribution of overall LCAT activity

1 ml was L%, top; 41%, middle; and 55%, bottom. The middle
5 ml — fraction containing the highest enzyme activity per mg

. protein was isolated and used in subsequent purification
3 ml steps. ' .

Y

Middle Fraction

Protein of this fraction was precipitated by addltlon
of ammonium sulfate to 50% saturation level.

v
0 'to 50% Ammonium Sulfate Precipitate

The ammonium sulfate precipitate was dissolved and
dialyzed against 0.07 M phosphate buiffer (pH 6.7),

and subsequently applied onto a4 hydroxylapatite column.
LCAT activity was eluted in the void volume fraction.

v
Hydroxylapatite Chromatography (conditions of chromatography were -
as described in Figure 17 B)

W or 30 .o e = 2 =

Absorption
at 280 mu

Fraction Number

Properties of the fraction containing LCAT activity:

1. Enzyme activity purified approximately 100 fold.

2. Polyacrylamide gel electrophoresis showed no resolvable protein
bands. '

5. Yield of LCAT activity was very low compared with other procedures.



12k,

the purification of LCAT should be designed so as to minimize

these problemé. Thus, if sonicated dispersions of a mixture of
cholesterol with lecithin are used as substrates in the assay, the
correct prop;rtion of apoLP-gln I should be added so that the

rate of transesterification is directly proportional to the enzyme
level only. The lability of LCAT after it has been pﬁrified is
probably the most serious problem facing further detailed studies
of_LCAT;substrate interaction. As suggested by Fielding and Fielding,
the lability observed is probably due to aggregation of enzyme moie-
cules. The reason why LCAT activity in the d>l.21 protein fraction
appears to be stable is unknown. It is possible that some factor
stablizing the enzyme is present in the d>1.21 protein fraction.
ApolP-gln I aépears to be a most likely candidate for such a |

stablization role.
ITI. Interaction of LCAT Activity with Sonicated Substrate

a. Effect of Size of Sonicated Dispersions on Assay of LCAT Activity

Contained in the d>1.21 Protein Fraction.

The effectiveness of sonicated disperéibns as substrates for
LCAT has been demonstrated and éubsequently confirmed (81, 91).
Since sonication usually produces dispersions of non-uniform sizes
(8, 21, 53, 58), it was important to ascertain whether or not the
size of the dispersion affected transesterification rate. Figure 16
shows the results of an experiment in which two differently prepared’

lipid sonicates were used as substrates. As indicated, at low levels
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FIGURE 16

EXTENT OF DISPERSION OF SONICATED SUBSTRATE ON ASSAY OF LCAT ACTIVITY.
Two stock samples of sonicated dispersions of cholesterol with-
lecithin (lecithin, 3.6 umoles/ml; cholesterol, 0.6 pmoles /ml;
H3-cholesterol, 50,000 dpm/ml) in 0.01 M Tris HC1 buffer (pH 7.k,
containing C.1 mg/ml EDTA) were prepared as desc;ibed_in Materials .
and'Methods using two différent sonication powerﬂoQtputé. Tﬁe sample
prepared at high power level (100 watts) had finer QiSpersions than
the one prepared at low power level (60 watts). The two stock solutions
of sonicated substrates were diluted with 0.01 M Tris HCl buffer _
(pH 7.k, containing C.1 mg/ml EDTA) to 1/2, 1/k, 1/8, 1/16 and 1/32
of the original éoncentrationﬂ'O.B ml of ééch of‘theisonicated
substrates {containing 0.02 M mercdptoethanol) were mixed and
incubated with 3{5 ml of the d>1.21 protein fraction (in 0.0l M

Tris HCl buffer, pH 7.4, containing 0.26 M NaCl and C.1 mg/ml EDTA).
The initial esterification rates were based on the % of H®-choles-

terol esterified 4C minutes after the start of the incubation.



Initial esterifica_tion rate

( moles/ml assay medium/hour)

1.2

0.8

0.4

Substrate prepared at LOW
sonication power

Substrate prepared at HIGH

Seao sonication power
Sao - -{
O e e Q
| i
o 01 0.2 0.3

Initial content of unesterified cholesterol

( # moles/ml! assay medium)
. DBL 723-5192
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of substrate concentration, the substrate disperéed at high power
(100 watts) was more reactive than that diépersed ét.low power (60
watts). However, as the substrate concentrafioﬁ was increased,  the,
substrate dispersed at low power became much more reactive than
that dispersed at high powér. In terms of’kinetic!parameters, the
substréte disperéedﬁat high power had both a smaller K, and Vmaxl
‘thén the substrate dispersea at low powér. Unfortuﬁétely, without
additional data the sighificance of K, and Vmag cannot bé interpreted.
If oné assumes that the value of K, is approximately éqﬁairto
the.dissociatidn constant 6f the eﬁzyme-suﬁstrate compléx; then a
smaller K, probably indicates a more efficient adsorption of LCAT
or cofactor onto the lipid dispersions. The latter mayﬂresult from
an increase in total surface area. In the éase of the smaller Viax s
.the substrate sonicated at high power ﬁéy coﬁtain increased amounts
of oxidized lipids (generated during sonicatidn) which can inhibit
enzyme activity. In this respect, it has been shown ﬁhat pr6longed‘
sonication can disrupt the covalent structure of phospholiéid (53)

in addition to the oxidation of unsaturated fatty acid (61).

b, Effectiveness of Sonicated Diépersions of Mixtﬁres of Cholesterol

~and Lecithin as Substrates for LCAT. Effect of Charge.

The role of surface chafge of the sonicated iipid substrate on
LCAT reactivity was studied. In this experiment LCAT activity was
1 Km and Vmax are terms used in enzyme kinetics to designate the

Michaelis constant and maximal velocity in an enzyme-substrate
reaction,



tested with sonicated substrates which contained various types

of charged detergents and nonpolar.lipids. Thé resalté are summarized

in Table 21. Addigion of either anionic or cationic detergents _ : -
increased the reactivity of the sonicated substrate under the condi-

tiohs used for assay (as described in Table 20). On the other hand,

.incorporation of thiocholesterol or octadecanethiol did not affect

the substrate's reactivity. From these results it appears that 1) : i

poéitive or negative charges preseht on the lipid substrate disper- ' f
sion surface do-not affect the ability of LCAT to transesterify

under the condiﬁioné used, and 2) the presence of detergent molecules.
increases the reactivity of the sonicated 1lipid substrate. The |
reason for this increase is not clear; however, it is possible that' o |
‘the detergenﬁ facilitates ﬁhe‘production'of Smaller and more unifofm
lipid dispersions, which offer a greater surface for reaction withvv
either cofactor (apoLP-gln I) or enzyme. In light of these results,
the ﬁtilization of detergent to prepare substrate lipid dispersions
may provide a means for producing more uniformly dispersed substrate -

without prolonged sonication.
c. Effect of Mercaptoethanol on Assay of LCAT Activity.

The role of mercaptoethanol in pre&ent@ng oxidation of biological
molecules is weilvdocumented. Glomset (38) has shown thét sulfhydryl o
group or groups in LCAT are essential for'enzyme activity;

Since sénicated lipid dispersions have been showh to contain

oxidized lipid products (53, 61), it is pertinent to determine whether




TABLE 21

EFFECT OF INCORPORATION OF DETERGENT AND NONPOLAR COMPOUNDS INTO
SONICATED SUBSTRATES ON ASSAY OF LCAT ACTIVITY.

Substrates containing detergents or nonpolar lipids were prepared

by the sonication procedure described in Materials and Methods. The

concentrations of various components in the lipid dispersions

were as follows: lecithin, 1.0 mg/ml; cholesterol, 0.08 mg/ml;

detergent or nonpolar lipid, 10% of the molar concentration of

lecithin. Volumes of various components in the incubation mixtures

were: 0.5 ml of d>1.21 protein fraction (in 0.0l M Tris HCl buffer,
pH. 7.4, containing 0.26 M NaCl and 0.1 mg/ml EDTA), 0.5 ml of

sonicated substrate solution (in 0.01 M Tris HCl buffer, pH T.k,

containing 0.1 mg/ml EDTA) containing either detergent or nonpolar

lipid, and 0.02 ml of 0.01 M Tris HCl buffer (pH 7.4, containing

0.1 mg/ml EDTA and 0.53 M mercaptoethanol). Percent of chélesterol.

esterified was determined as described in.Materials and Methods. .

Compound Added to

Appearance of

% Cholesterol

Sonicatéd Substrates? Dispersions Esterified
Lauric Acid Clear 78.5
Octadecanethiol Turbid 50.2
Cholest~5-ene-%~thiol Turbid 49.8
Octadecylamine‘HC1 Clear 69.0
Dodecyltrimethylammoniuﬁ Cieér 72;2
Control® Turbid 56.1

1 Detergents and nonpolar lipids were obtained from Eastman Organic

Chemicals, Rochester, New York.

2 Regular sonicated substrate was used without any detergent or

nonpolar lipid added (see Materials and Methods for preparation).



addition of mercaptoethanol or other-sulfhydryi containing compounds
can prevent oxidation of LCAT during incubation Qhen éuch oxidized
products are present. In the following experiment the d>1.21 protein
fraction, as a source of LCAT activity, was incubated with sonicated
substrate in the presence or absence of mercaptoethanol. The %
cholesterol esterified was somewhaé higher with mercaptoethanol in

the assay (Table 22). Additional experimenﬁs are necessary to
establish the significance of the observed difference. In addition

to. the above experiment; the possibility that LCAT might be oxidized
by air during incubation was also investigated. As indicated in

Table 23, when the d>1.21 protein fraction was preincubated alone

in air for 2k hours and theﬁ incubated with sonicated lipid substrates
for another 24 hours in Nz, the % cholesterol esterified was similar
to that obtained when the preincubation was done in Nz. Thus, if
oxidation of LCAT by air had taken place, a reduction of LCAT activity
should have been observed. From the results of these ekperiments,

it would appear that appreciable oxidation of LCAT does not occur

during incubation with sonicated lipid substrates.

d. Effect of Mercaptoethanol and Excess Lecithin on Assay of LCAT

Activity.

As described in the main text, I had earlier demonstrated the
inhibitory effect of excess lecithin of LCAT activity, and the
activating effect of mercaptoethanol in reStoring,enzyme activity

in samples containing high concentrations of lecithin (sce page 50 ).
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TABLE 22 |
EFFECT OF MERCAPTOETHANOL ON ASSAY OF LCAT ACTIVITY IN THE d>1.21
PROTEIN FRACTION. |

- The d>1.21 protein fraction (im 0.01 M phosphate buffer, pH 7.L,
containing 0.26 M NaCl and C.1 mg/ml EDTA) was assayed with and

without mercaptoethanol as described in Materials and Methods.

Condition of Assay - % Cholesterol Esterified

0.01 M mercaptoethanol in
incubation mixture 37

Control, no mercaptoethanol in
incubation mixture 31

TABLE 23%
EFFECT OF OXYGEN ON ASSAY OF LCAT ACTIVITY.

One ml of d>1.21 protein fraction (in 0.01 M phosphate buffer, pH 7.%L,
containing 0.26 M NaCl and 0.1 mg/ml EDTA) was preincubated at 37°C
under N or air for 24 hours. After preincubation, 1 ml of sonicated
substrate (in 0.01 M phosphate buffer, pH 7;4, containing C.1 mg/ml
EDTA) was added, and air was flushed out of the incubation vials by
‘a gentle stream of Nz. The mixtures were then incubated for 24 hours
at 37°C. The pefcent cholesterol esterified (in absence of mercapto-

ethanol) was determined as described in Materials and Methods.

Condition of Preincubation % Cholesterol Esterified

Air L3
No ' 42
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In this section,experiments have been carried out to determine if
‘the presence of excess lecithin and mercaptpethanol had any effect
on the assay of LCAT activity under the_conditions used for assay
as described in Materials and Methods (either Chapter 2 or 3). As
the results of Table 24 show, addifion of mercaptoethanol and
excess 1ecithiﬁ to the regular assay medium increased the % choles-
terol esterified.approximately twice that of -the control. Further-
more, the increase of activity required the presence of both
meréaptoethanol and excess lecithin, and in the absence of either
one of the components no activation was detected.

The cause of this activation of LCAT acﬁivity was not immedia-
tely apparent. However, it is very unlikely that the preservation
Aof sulfhydryl groups in the enzyme by mercaptoethanol was the cause,
since no activation was observed in the absence of excess lecithin
(Table 24).

In order to further explore the nature of this activation, we
used various analogs of both lecithin and mercaptoethanol to deter-
mine if similar activation would result. As shown in Tables 25 and
26, only ethanethiol and ethanedithiol demonstrated activation
comparable to that produced by mercaptoethanol. Substitution of
phosphatidyl ethanolamine and phosphatidyl serine for lecithin
actually inhibited activity. The inaﬁility of some sulfhydryl
containing compounds (cysteine and glutathione) to induce higher
activity indicated that the activation observed in the presence of

mercaptoethanol was quite specific. This specificity probably
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TABLE 20 |

ACTIVATION OF LCAT ACTIVITY BY MERCAPTOETHANOL IN PRESENCE OF
SONICATED DISPERSIONS OF LECITHIN.

The volumes of components present in the assay media were: 0.25 ml
of d>1.21 protein fraction (in 0.01 M phosphate buffer, pH 7.k,
containing 0.52 M NaCl and O.1 mg/ml EDTA), 0.5 ml of sonicated
substrate (in‘0.0i M phosphate buffer, pH 7.4, containing 0.1 mg/ml
EDTA), either 0.25 ml of sonicated dispersions of lecithin (5.0
mg/ml; in 0.01 ‘M phosphate buffer, pH 7.4, containing 0.1 mg/mlv
EDTA) or 0.25 ml of 0.01 M phosphate buffer (pH 7.4, containing
0.1 mg/ml EDTA), and either 0.05 ml of 0.21 M mercaptoethanol

(in 0.01 M phosphate buffer, pH 7.4, containing 0.1 mg/ml EDTA) or
0.05 ml of 0.01 M phosphate buffer (pH 7.4, containing 0.1 mg/ml
EDTA). The percent cholesterol esterified after 24 hour incubation

at 379C was determined as described in Materials and Methods.

Composition of Assay Mixture % Cholesterol Esterified

Expt. 1 Expt. 2

d>1.21 Protein Fraction +
Lecithin + Substrate + MET 70 71

d>1.21 Protein Fraction + : : .
Substrate © 30 : 31

d>1.21 Protein Fraction +
Substrate + ME : . - , 3T

d>1.21‘Protein Fraction +
" Lecithin + Substrate S 13t ) -

1 Mercaptoethanol
* The lower esterification yield observed in this case agrees with

the inhibitory effect of lecithin as described in Figure L.
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TABLE 25 _ ,
EFFECT OF SULFHYDRYL-CONTAINING COMPOUNDS ON ACTIVATION OF LCAT ACTIVITY.
Incubatibn mixture contained 0.25 ml of d>1.21 protein fraction

(in 0.01 M phosphate buffer, pH 7.4, containing 0.52 M NaCl and 0.1
mg/ml EDTA), 0.5 ml of sonicated substrate solution (in 0.01 M

phosphate buffer, pH 7.4, containing 0.1 mg/ml EDTA), 0.25 ml of
sonicated dispersions of lecithin (in 0.01 M phosphate buffer, pH

7.4, containing 0.1 mg/ml EDTA) and 0.05 ml of 0.21 M sulfhydryl-
containing compound (in 0.01 M phosphate buffer, pH 7.4, containing

0.1 mg/ml EDTA). Incubation was carried out at 37°C for 24 hours.
Percent cholesterol esterified was determined asvdescribed in

Materials and Methods.

Sul fhydryl-Containing Compound % Cholesterol Esterified

Mercaptoethanol 76
Cysteine HCL ’ 30
Glutathione 16
Ethanethiol : 80
Ethanedithiol 80
Ethanol?! Co3h
Control? 34

1 Ethanol was used to check steric effect as well as the role of
sulfhydryl group in activation.‘Judging from these results the |
presence of ethanol appears ﬁo have no effect on LCAT activity.

2 0.01 M phosphate buffer (pH Tk, containiﬁg 0.1 mg/ml EDTA) was
used instead of the buffer containing 0.21 M sulfhydryl-containing

compound.



TABLE 26 ‘ o | _

EFFECT OF DIFFERENT PHOSPHOLIPIDS ON ACTIVATION OF LCAT ACTIVITY.
Incubation mixtures contained 0.25'm1'of d}1.21 protein fraction
(in 0.01 M phosphate buffer, pH 7.4, containing 0.52 M NaCl and

0.1 mg/ml EDTA), 0.5 ml of sonicated substrate (in 0.0l M phosphate
buffer, pH 7.k, containing 0.1 mg/ml EDTA), 0.05 ml of 0.21 M
mercaptoethanol (in 0.0l M phosphate buffér, pH 7.4, containing

0.1 mg/ml EDTA), and 0.25 ml of sonicated dispersions of specific
phospholipid (5.0 mg/ml; in 0.0l M phosphate buffer, pH 7..4,
contaiﬁing 0.1 mg/ml EDTA). Incubation and determination of percent

cholesterol esterified were the same as described in Table 25.

Phospholipid % Cholesterol Esterified
Lecithin 76
Phosphatidylethanolamine 7

Phosphatidylserine L
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involved the ability of the sulfhydryl compound to fit into a
sﬁecific molecular enviromment as well as to provide the reducing
capacity to keep the sulfhydryl group or groups of the enzyme
intact. .

To further évaluate the lecitbin-mercaptoethanol activation,
I investigated the possibility thap they,in combination,may convert
LCAT to a more active form or state. I preincubated the d>1.21
protein fraction with sonicated dispersions of lecithin, containing .
0.01 M mercaptoethanol, for varying periods of time. Substrates
were then added, and the initial rates of esterification were
determined (Table 27). There was a very slight increase in initial
rate as preincubation time was increased. When these initial rates
are compared with the control (incubated in the absence of both
mercaptoethanol and lecithin), they are not significantly diffeient
from the control. Since preincubation with mercaptoethanol and
lecithin did not increase initial rates, it is unlikely that the
activation we observed in Table 2l was due to conversion of LCAT
into a more active form or state. |

It has been reported that beta mercaptopyruvate transsulfurase,
in the presence of mercaptoethanol, is converted to a more active |
monomeric form (25). In order to‘explore the possibility that a
similar mechanism might be involved in the activation of LCAT, the
following experiment was performed. The d>1.21 protein fraction was
chroma tographed on a Sephadex G-200 column in the presence and

absence of 0.01 M mercaptoethanol. As indicated in Figure 17, both
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TABLE 27

EFFECT OF PREINCUBATION OF d>1.21 PROTEIN FRACTION WITH MERCAPTO-
ETHANOL AND LECITHIN ON ACTIVATION OF LCAT ACTIVITY.

0.25 ml aliquots of d>1.21 protein fraction (in 0.01 M phosphate
buffer, pH 7.4, containing 0.52 M NaCl and 0.1 mg/ml EDTA) were
préincubated with 0.25 ml of sonicated dispersions of lecithin

(5.0 mg/ml; in 0.01 M phosphate buffer, pH 7.4, containing 0.1 mg/ml
EDTA) and 0.05 ml of 0.21 M mercaptoethanol (in 0.01 M phosphate
buffer, pH 7.4, containing 0.1 mg/ml EDTA) for the time periods
indicated below. After preincubation, 0.5 ml of sonicated substrate
(in 0.01 M phosphate buffer, pH 7.k, containing 0.1 mg/ml EDTA)

were added, and the mixture was incubated for 30 minutes at 37°C.
Initial rates of esterification were calculated from the percent
cholesterol esterified in the 30 minute period after addition of
 substrate. In the control, 0.01 M phosphate buffer (pH 7.4, contain-
ing O.1 mg/ml EDTA) was used in place of sonicated dispersions of

lecithin plus mercaptoethanol.

Time of Preincubation (minutes) Initial Ratel
0.019

3 | 0.021

6 0.022

12 ' 0.022

ol : 0.023

Control?® 0.024

1

pmoles cholesterol esterified/ml assay medium/hour,

2 Not preincubated.



protein and enzyme activity profiles showed no significant difference
when eluted either with buffer containing mercaptoethanol or with
buffer containing no mercaptoethanol. If LCAT was converted to
smaller subunits in the presence of mercaptoethanol, a shift of
enzyme activity towards the lower molecular weight region would have
been detected. Thus, the preseﬁt result prﬁvides no evidence that
LCAT, in the presence of mercéptdethanol,‘is converted to more
active subunits,

From previous experiments (Table 27) I observed no significant
increase in initial rates when the d>1.21 protein fraction was
preincubated with mercaptoethanol and excess lecithin. In brder to .
deterﬁine if the presence of mercaptoethanol and excess lecithin
promotes higher esterification yield (2L ﬁour incubation) by allowing
more efficiept utilization of substrate, I décided to follow the
progress of transestefification over a peribd of 24 hours in the
presence and absence of excess lecithin énd mercaptoethanol. As
indicated (Figure 18), the initial rate of esterification was higher
fof the control than the sample incubated with mercaptoethanol and
excess lecithin. However, after one hour, the ésterification rate
of the controi began to decrease while that of the sample witﬁ
mercaptoethanol and excess lecithin remained linear for three more
hoﬁrs. At the 24 hour point the %_cholesterol esterified of the
sample incubated with excess lecithin and mercaptoethanol was twice
the level of the control. Based on these results, it appears that

the activation of the enzyme does not commence until sometime after
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. FIGURE 17 |

"~ EFFECT OF MERCAPTOETHANOL ON THE CHROMATOGRAPHIC DISTRIBUTION OF

LCAT ACTIVITY. o , _
Five ml of d>1.21 protein fraction (in either 0.0l M phosphate buffer,
pH 7.4, containing 0.26 M NaCl, 0.C1 M mercaptoethanol and 0.1 mg/ml
EDTA or the same phosphate buffer contaihing no mercaptoethanol)

were chromatographed on a Sephadex G-200 column according to the
conditions described below. Cblumn dimensions, 2.5 cm X 100 cm;

flow rate, 20 ml/hour; volume of each collected. fraction, 16.8 ml;
direétion of flow, ascending; temperature, 4°c; eluting buffer,

0.01 M phosphate buffer (pH 7.4, containing 0;26 M NaCl and C.1 mg/ml
EDTA) . Protein concentration in the effluent was continuously
monitored by absorption at 280 mu. Enzyme activity in each collected
fraction was assayed in 0.0l M mercaptoethanol as described in
Materials and Methods. Chromatogram A: sample was eluted with
phosphate buffer containing no mercaptoethanol. Chromatogram B:

sample was eluted with phosphate buffer containing 0.0l M mercapto-

ethanol.
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FIGURE 18

EFFECT OF ADDITIONAL LECITHIN PLUS _MERCAPTOETHANOL ON THE TIME
COURSE OF CHOLESTEROL ESTERIFICATION.

The incubation mixtures contained 1.75 ml of d>1.21 protein ffaction'
(in'0.01 M phosphate buffer, pH 7.4, containing 0.52 M NaCl and | |
0.1 mg/ml EDTA), 3.5 ml of sonicated substrate (in 0.01 M phosphate
buffer, pH 7.4, containing 0.1 mg/ml EDTA), either 1.75 ml of
sonicéted dispersion of lecithin {5.0 mg/ml; in 0.01 M phosphate
buffer, pH 7.4, containing 0.1 mg/ml EDTA) or:1.75 ml of the

buffer, and either 0.35 ml of 0.21 M mercaptoethanol (in 0.01 M
phosphate buffer, pH 7.4, containing O.i mg/ml EDTA)th 0.35 ml

of the buffer. One ml aliquots of the incubation mixtures were

withdrawn at the time intervals indicated, and the percent cholesterol

esterified determined as described in Materials and Methods.
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the start of the incubétion.

The role of mércaptoethanol in enhancing LCAT activity in the
presence of excess lecithin is still unclear. However, one of the
possibilitie;vis that it can influence the packing of lipids, and
thﬁs enable them to assume a more favorable configuration fof’
transesterification. Furthermore, the preéénce of mercéptoethanol
may enﬁance both the fate and thé amount.of exchange of rgactants
and by-products: at the catalytic site, and thus produce é highér
yield of esterification. OQur deméﬁstration that lipid disbersions
require the prior activation.by apoLP-gln I in order to éerve as
substrate for LCAT may provide some insight into the mechanisms
whereby mercaptoeéhanol'and excess 1¢citbin activate tranSgsterifi—
qcation. Thus,bthe,presence of mercaptoethanol andvéxcéss lecithin
may increase the ability of apoLP-gln I to bind with more lipid
dispersions and as a result more substrate could be transesterified.

So far I have used only artifical substra;es in the study of
mercaptoethanol-lecithin activation. How the presence of'hercapto_
ethanol and excess lecithin affect natural lipoproteins as substrates
of LCAT is still unknown;‘In order to deﬁermine if similar activation
- could occur when lipoproteins were used as sdﬁs;rates, VLDL labeled
with H®-cholesterol were substituted for sonicated substrates in the
ihcubation. The results of this inéubation are summarized in Table
28, and as indicated, 13% of the VLDL unesterified cholesterol was
esterified in 24 hours. When mercaptoethanol.was present in the

incubation mixture, an increase in the % cholesterol esterified was
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TABLE 28 v
EFFECT OF MERCAPTOETHANOL AND ADDITIONAL LECITHIN ON ASSAY OF LCAT
ACTIVITY USING VLDL AS SUBSTRATE.

VLDL containing H®-cholesterol were prepared according tobthe method,
described by Avigan (9). One ml of the VLDL (in 0.01 M phosphate
buffer, pH 7.4, containing 0.1 mg/ml EDTA; VLDL.concentration, 6.9
mg/ml; approximate radioactivity, 6000 dpm/ml) was incubated with
0.5 ml of d>1;21 protein fraction (in 0.01 M phosphate buffer,

pH 7.4, containing 0.52 M NaCl and 0.1 mg/mi EDTA), 0.5 ml of
sonicated dispersion of lecithin (5.0 mg/ml; in 0.01 M phosphate
buffer, pH 7.4, containing 0.1 mg/ml EDTA) and 0.1 ml of 0.21 M
mercaptoethanol (in 0.01 M phosphate buffer, pH 7.4, containing 0.1
mg/ml EDTA). In the controls, 0.01 M phosphate buffer (pH 7.4,
containing C.1 mg/ml EDTA) was used in place of the solution cangﬁin—

vt

ing sonicated dispersion of lecithin or mercaptoethanol. *'%

Composition of Assay Medium ' % Cholesterol Esterified
d>1.21 Protein Fraction + VLDL 13
d>1.21 Protein Fraction + VLDL + Lecithin 5
d>1.21 Protein Fraction + VLDL + ME? 25
d>1.21 Protein Fraction + VLDL + Lecithin + ME 36

1 Mercaptoethanol.

¥
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observed; with the addition of sonicated dispersions of lecithin,
the % cholesterol esterified increased even more. Judging from these
results the activation phenomenon is not limited to artifical

sonicated substrates.
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