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ABSTRACT

In man, high density lipoproteins (HDL) play a crucial
role in cholesterol transport. The novel properties of these
lipoproteins are largely determined by their protein components,
apolipoproteins A-I and A-II (apo A-I and apo A-II). This
thesis provides a systematic study of the self association of
apo A-I and apo A-II and their interactions with the major
membrane lipids of HDL, lecithins, and with bile salts,
physiological amphiphiles also associated with HDL and which
also play an important role in cholesterol transport in bile.
A series of lipid-protein systems of increasing complexity
was studied, beginning with apolipoprotein self-interactions
and progressing to the interactions of apolipoproteins with
lecithins and bile salts. Quasielastic light scattering was
used to non-invasively measure mean hydrodynamic radius (Rh)
of the particles formed as functions of physiologically
important variables including apolipoprotein concentration,
relative apolipoprotein and lecithin composition, temperature
and ionic strength.

The self association of apo A-I in aqueous solution is
promoted by increases in protein concentration and ionic
strength, and decreases in temperature and guanidine HC
concentration. R, ranges from 28 X to a maximum of 68 X. A
mathematical model of apo A-I self association is proposed
which involves the association of monomers to dimers, progress-
ing stepwise to a limit of octamers. The free energy change
for the interaction of four dimers to form an octamer is
estimated under various solution conditions, and comparison of
these values suggests that hydrophobic forces favor self associ-
ation, and are weakly counteracted by electrostatic repulsive
forces. Apo A-IT self association is also promoted by increases
in protein concentration and decreases in guanidine HC1l concen-
tration, but is unaffected by temperature changes. Under-
standing apolipoprotein self association provides a basis
for further studies on more complex systems.

Apo A-T self association was largely unaffected by bile
salts below their critical micellar concentration (CMC),



although by equilibrium dialysis small amounts of bile salts
were protein bound. Above the CMC, additional bile salt
molecules were bound, and apo A-I dissociated to dimers. This
suggests that bile salt binding to native HDL is a consequence
of interactions with other HDL components, and that apo A-I
present in bile should have no major effect on the size or
structure of simple bile salt micelles.

The phase diagram of apo A-I and apo A-II with dimyristoyl-
phosphatidylcholine (DMPC), a synthetic lecithin, was found to
consist of three regions: at low lipid/protein ratios, simple
apolipoprotein micelles coexist with mixed apolipoprotein/DMPC
micelles; at intermediate ratios, mixed micelles exist; and at
high ratios, apolipoprotein/DMPC vesicles form. These aggre-
gated species coexist with low concentrations of apolipoprotein
monomers. The phase limit {~80% DMPC by weight) shifts to lower
% DMPC with decreases in total amphiphile concentration, and
increases in temperature. These data are consistent with a
model in which a ring of apolipoprotein surrounds a lecithin
bilayer. Apo A-I/egg yolk phosphatidylcholine (EYPC) mixed
micelles were prepared by diluting a bile salt/EYPC mixed
micellar solution to bile salt concentrations below their CMC.
The resulting phase:diagram with dilute bile salts was very
similar to that obtained with DMPC in the absence of bile salts.
Therefore, apo A-I and apo A-II/lecithin mixed micelles form
in all proportions up to the phase limit. This interaction is
spontaneous with DMPC, and is catalyzed by bile salts with EYPC.
Previously observed sizes and compositions of native and syn-

. thetic HDL particles are explained by the dependence of the
phase diagram on different relative compositions of apolipo-
proteins and lecithin. This suggests that nascent HDL forma-
tion may be physiologically catalyzed by bile salts or other
detergent amrhiphiles found at the sites of HDL synthesis.

Low concentrations of apo A-I affect the micelle to vesicle
transition observed upon dilution of bile salt/EYPC mixed
micelles: (1) the size of the resultant vesicles increased;
(2) with the occurrence of the micelle to vesicle transition
at lower total lipid concentrations, the micellar phase was
expanded; and (3) the transition from micelles to vesicles was
kinetically delayed. At high apo A-I concentrations, this
transition was completely abolished, suggesting that bile salts
and apo A-I bind interchangeably to the mixed micelles. These
findings suggest that apo A-I may be important in determining
the physical state of biliary lipids at physiological biliary
concentrations of apo A-I.

These studies provide new insights into the physical chem-
istry of HDL formation, and suggest that not only does apo A-I
play an important role in the physical chemistry of HDL, but
also influences the physical chemistry of biliary lipids in
health and in disease.

Thesis Supervisor: George B. Benedek

Title: Alfred H. Caspary Professor of Physics and Biological
Physics
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CHAPTER ONE
INTRODUCTION

In the blood of man and other animals, high density
lipoproteins (HDL) are important lipid-protein aggregates
that may be considered to be pseudomicellar particles. HDL,
together with other emulsion type lipoproteins (chylomicrons,
very low density lipoproteins, and low density lipoproteins),
transports otherwise insoluble lipids within the plasma com-
partment (Scanu et al, 1982, Tall and Small, 1980). The
" lipoprotein lipids are heterogeneéus, being coﬁpoéed of bqth
membrane lipids, e.g.,~cholesterol and phospholipids, and non-
membrane lipids, e.g., cholesterol esters and triglycerides.
The low aqueous solubilities of these compounds (approximately

“20y for triglycerides and cholesterol esters, 10_12M for

10
phospholipids, and 10-8M for cholesterol) require that their
solubilities be augmented by agents which either solubiliie
or emulsify them. In blood, the major apolipoproteins of HDL
solubilize lipids to formr complexes of HDL. The second major
cholesterol transport system exists in bile, where bile salts
form mixed micelles with large amounts of phospholipids and

cholesterol. Thus, apolipoproteins in blood and bile salts

in bile perform analogous functions of solubilizing cholesterol
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and phospholipids. HDL 1is considered, in part, to transport
cholesterol from peripheral tissues to the liver. Within the
liver, HDL cholesterol is utilized for structural purposes in
membranes, for synthesis of other lipoproteins, for conversion
into bile salts and for direct secretion into bile. Therefore,.
these systems appear to share, albeit in different fluids, the
fundamental physiological role of cholesterol movement within
the organism and its secretion from one compartment of the
organism to another.

It is now appreciated that each system is not isolated
from the other: -'bile salts are present in micromolar concen-
trations in both systemic and portal circulations (Carey, 1982),
and are bound, in part to HDL (Kramer et al., 1979). The
major apolipoproteins of HDL, apolipoproteihs A-T (apo A-Ij
and apolipoproteins A-IT (apo A-II), have been shown to te
present in bile (0.01 mg/ml) (Sewell et al., 1983). In contrast
to blocd, their physical state is not understood. In addition
to associating with otherwise insoluble lipids, both bile salts
and apolipoproteins self associate in dilute aquecus solution.

This dissertation will present investigations into the
physical-chemical mechanisms of self associatior of the
apolipoproteins and their hetero-association with various
membrare lipids and with bile salts. It is hoped that these
results will provide new insights into the size, shape,
thermcdynamics and interactions of these lipids in the native

particles.
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I. BACKGROUND

A. HDL. Several classes of lipid-protein complexes have
been identified by ultracentrifugation of plasma. HDL is
operationally defined as the class of serum proteins which

are isolated between densities 1.063 and 1.21 g/ml. HDL

can be divided into several subclasses on the basis of compos-
ition and density, although all classes of HDL have many
features in common.

HDL is composed, by weight, of approximately L5% protein
and 55% lipids (Morrisett et al., 1977). The two major sub-
classes of HDL are HDL3 (mean particle weight 175,000, density
1.125 to 1.21 g/ml, 55% protein and 45% lipid, 40 to 70 & in
diameter by negative staining electron microscopy) and HDL2
(mean particle weight 32,000, density 1.063 to 1.125 g/ml,

4O to 45% protein and 55 to 60% lipid, 70 to 100 R in diameter).-
Two major apolipoproteins are associated with both classes of |
HDL: apo A-I, comprising 60% of total protein, and apo A-II,
25% of total protein. They are both structural proteins and
act to solubilize the otherwise insolutle lipids of HDL.

Apo A-I also activates the plasma enzyme lecithin:cholesterol
acyl transferase. There are 2 to 5 mclecules of apo A-I and

1 molecule of apo A-II’in the average HDL complex. Minor
constituents present in quantities less than one rer HDL
particle include apolipoproteins C-I (molecular weight (Mr)
6600, function unknown), C-II (Mr 850C, lipcprotein lipase
cofactor), C-III (Mr 8200, lipoprotein Jipase inhibitor),

D (Mr 20,000, possibly cholesterol ester transfer protein), and

E (Mr 35,000, which binds to chylomicron remnant receptors)
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(Scanu et al., 1982). The minor apoliporroteins are thought

to function as targetting "labels" to facilitate uptake by
certain tissues, or as cofactors for enzymes in lipid metabolism.
The lipid composition of mature circulating HDL is approximately
LL% phospholipid, 6% cholesterol, 28% cholesterol ester, and

16% triglycerides (Tall and Small, 1980). The fatty acid

acyl residues of these lipids are predominantly palmitic,

oleic, and linoleic acids (Scanu et al., 1982). The apolipo-
proteins and polar lipids (phoséholipids and cholesterol) are
considered to cover the surface of the HDL particle, while the
less polar (oily) lipids (cholesterol esters and triglycerides)
form the interior. Cholesterol, cholesterol ester and trigly-
cerides are thohght to be in rapid equilibrium between surface
pools and the less polar core (Hamilton and Sméll,'l981, Hamil-
tor and Smali, 1982).

It has been suggested that HDL is secreted in a nascent
form (Tall and Small, 1980). Nascent HDL particles are rela-
tively enriched in apolipoproteins and polar lipids, e.g.,
phospholipidé and cholesterol. Their shape differs from that
of the mature particle; a bilayer disc of membrane lipids
is solubilized by apolipoproteins surrounding the hydrophobic
edge composed of the fatty acid chains of the phospholipide.
HDL is transformed from the nascent to the mature form by a
plasia enzyme which is synthesized in the liver, lecithin:
cholesterol acyl transferase. This enzyme is activated by
apo A-I and catalyzes the transfer of a fatty acid fromvthe

sn-2 position of a surface phospholipid molecule to a surface




cholesterol molecule. This produces one molecule of cholesterol
ester and a monoacylphospholipid, typically lysolecithin.
Long chain cholesterol esters behave as apolar lipids and are
transferred to the apolar core of the molecule by diffusion
and dissolution. The lysolecithin dissociates from the par-
ticles, is bound to serum albumin, and is transported to the
liver. Since the cholesterol esters accumulate between the
1lipid planes of the phospholipid and cholesterol bilayers,
the nascent disc form of HDL is transformed into a quais-
spherical particle, i.e., mature HDL. This process is in
constant dynamic flux: as cholesterol ester is formed,
phospholipids and cholesterol are constartly being added to
HDL particles from membranes ard other lipiproteins. Chole-
~sterol ester is also transferred from mature HDL to other

lipoproteins by a plasma transfer protein.

B. Apo A-I. Apo A-I is a single chain polypeptide (Mr 28,200).
The amino acid sequence has been determined (Baker et al.,
1974, Brewer et al., 1978). Structural studies on the sclu-
tior. prorerties of apo A-I have shown that the secondary
conformation is composed of 70% o-helix, 5 to 15% gpleated
sheet, and 15 to 20% randcm coil (Lux et al., 1982). Upon
interaction with lecithin, the content of helical- conformation
increases at the experse of the random coils. The helix is.
considered to be ah arphipathic (amphiphilic) helix, with

one side composed of hydrophobic residves and the other com-
posed of hydrophilic residues of the ccrstituent amino acids.

The hydrophobic surface binds HDL lipids, and the hydrorhilic
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surface interacts with the surrounding agueous solution. The
protein is easily denatured by low concentrations of guanidine
HC1l (transition midpoint, 1.1M) (Reynolds, 1976). Calorimetric
studies have shown that the free energy -change upon'denatura—
tion is -2.7 kcal/mol (Tall et al., 1976). This value is

much smaller than that for soluble globular proteins, and is
consistent with the hypothesis that many hydrophobic residues

are exposed to the aqueous solution in the native state.

C. Apo A-TT. Apo A-II is a single chain polypeptide dimer
composed of two identical disulfide linked subunits (total

Mr 17,400) (Scanu et al., 1982). It is present in HDL in
smaller amounts than apo A-I, about one apo A-II molecule

per average HDL complex.ﬁ The sécondary structure of gpo-A-II
is composed of 35%a -helix, 13% g-pleated sheet, and 52%
random coil (Lux et al., 1972). It is suggested that apo A-IT
is also an amphipathic (amphiphilic) helix. Circular dichroic
studies show that denaturation of the helix to the random
coil form occurs at a low concentration of guanidine HC1
(transition midpoint, 0.6M) (Reynolds, 1976). This is similar

to the solution behavior of apo A-I.

D. Bile salts. Bile salts are amphiphiles and are the most

important class of soluble detergent-like steroid molecules
(Carey, 1982). The hydroxylated alicyclic steroid nucleus

of the molecules possesses a relatively flat hydrophilic side
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and the fused ring system constitutes a convex hydrophobic
side. The polar side chain also contributes to the hydrophilic
part of the molecule. Self associafion of bile sélts to form
micelles has been well characterized (Mazer et al., 1979).

Bile salt micelles have the capacity to solubilize membrane
1i§ids, e.g., phospholipids and cholesterol in mixed micelles.
The bile salt-lecithin-cholesterol system is a mixed micellar
system with many analogies to HDL (Mazer et al., 1980). Bile
salts and lecithin form disc shaped micelles, the core of the
disc formed by a bilayer of lecithin molecules, as well as
dimerized bile salts. The edges of the disc are covered by a
‘bile salt bilayer juxtaposing their hydrophobic sides to the
lipids and éxposing their hydrophilic sides to the aqueous
en§ironment. These discs can solubilize up to about 10 moles
cholesterol per 100 moles 1lipid at equilibrium. The cholesterol
molecules are probably intercalated between the lecithin
molecules, but may also be on the surfaces of these particles.
Employing the technique of quasielastic light scattering (QLS),
the size, shape and thermodynamic properties of these systems
have been extensively investigated as functions of concentration,
compbsition,vionic strength and temperature (Mazer et al.,

1980, Mazer and Carey, 1983).

E. Quasielastic light scattering. We have employed QLS to

investigate model systems of HDL. QLS takes advantage of the

Brownian movement of particles to measure both the mean
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hydrodynamic radius and the breadth of the distribution

of particle sizes. QLS has the added advantage of allowing
independent changes of many variables of physiological rele-
vance without perturbing effects whichiare inherent in other
techniques, é.g., analytical ultracentrifugation, electron
microscopy, which have been widely employed to study these
systems. QLS has been extensively used to investigate self
associating systems such as classic detergents (Missel et al.,
1980), bile salts (Mazer et al., 1979), and proteins (Cohen
et al., 1976). QLS has also been used in a few limited
studies of model and native lipoproteins (Eigner et al., 1979,

Kunitake, et al.,.l978, and Morrisett et al., 1974).

)II. Summary. This dissertation presents an'investigation of
the pﬁysical chemical properties of HDL through a systematic
approach using model systems of increasing complexity. We
have begun with an investigation of apolipoprotein-apolipo-
protein interactions and continued with'the interactions of
apolipoproteins with lecithin and bile salts. This is
presented in two chapters: one covering the self associatign
of apo A-I and apo A-II and their interactions with bile salts,
and the second covering mixed micelle and vesicle formation

by apo A-I and apo A-II with two distinct lecithins and the

bile salt taurocholate.
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CHAPTER TWO
THE SELF ASSOCIATION PATTERNS OF HUMAN APOLIPOPROTEINS
A-T AND A-TI AND INTERACTIONS WITH BILE SALTS:
A QUANTITATIVE ANALYSIS BASED ON QUASIELASTIC LIGHT SCATTERING

I. INTRODUCTION

The bile salts are soluble amphiphilic lipids which form
mixed micelles with otherwise insoluble hepatocyte membrane
lipids, e.g., phospholipids and cholesterol, and thus promote
theif'sécretion into the gastrointestiﬁal tract (Carey, 1982).
In blood apolipobroteins A-I and A-II (apo A-I and apo A-II)
perform analogous functions in solubilizing phospholipids
and cholesterol in high density lipoproteins (HDL). These
are pseudomicellar particles which are considered to transport
cholesteroi from peripheral tissues to the liver (Tall and
Small, 1980). Bile salts are present in micromolar concentra-
tions in systemic blood and in higher concentrations in portal
blood (Carey, 1982) and apo A-I and apo A-II have been shown
to be present at concentrations of approximately 0.010 mg/ml
in human gallbladder bile (Sewell, et al., 1983). It therefore
becomes important to understand the size, structure, thermo-

dynamics and physical-chemical interactions between these
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detergent-like molecules. Béth apo A-I and apo A-II and bile
salts self and hetero-associate in solution, and an extensive
literature exists on self association of each molecular class
employing a variety of physical-chemical techniques (Scanu

et al., 1982, Carey, 1983). However, self association studies
with apo A-I ahd apo A-II and their intéractions with bile
salts have been contradictory and limited by the inability

to obtain direct information on self association above the
monomer concentration (Scanu et al., 1982).

We have systematically studied the self association
patterns of apo A-I and apo A-II in aqueous solution and
investigated their interactions with the major lipid components
(lecithin and cholesterol) of HDL, and with bile salts. We
employed the the technique of quasielasfic'light scattéringv
(QLS). This techhique allows the non—invasivé measurement of
particle size as a function of variables of physiological
interest (concentration, ionic strength, temperature, and
guanidine HC1l concentration) without perturbing the samples.
Our aims were (1) to obtain direct information on the size and
structure of the equilibrium self association products of apo
A-I and apo A-II under varying physical-chemical conditions
of pathophysiological importance and (2) to construct a
basic molecular and thermodynamic framework for further
studies of apo A-I and apo A-II/membrane lipid (lecithin and
cholesterol) interactions which occur in nascent serum HDL

particles and possibly in biliary mixed micelles and vesicles.
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II. EXPERIMENTAL
A. Materials

1. Bile Salts. Bile salts (Calbiochem-Behrihg, LaJolla, CA),

were purified (Norman, 1955, and Pope, 1967), and gave a
single spot following a 200 yg application on thin layer
chromatography (Hofmann, 1962). Sodium 1uC—taurocholate (New
England Nuclear, Boston, MA) had a specific activity of 50
mCi/mmole, and was greater than 98% radiochemically and
chemically pure on TLC by plate scraping and scintillation
counting.

2. Reagents. Urea (Bethesda Research Labs, Galthersburg, MD)
was purified by passage of a éM aqueous solution through an
ion exchange column (Mixed Bed Resin, Biorad, Richmond, CA).
NaCl (Mallenckrodt, Paris, KY) was roasted 3 hours at SOOOC
tovoxidizé and femévé»orgéhic.impurities. .Allkother chemicals
were reagent gradeQ Pyrex glassware was alkali washed overnight
in EtOH-2M KOH (1:1, v:v), followed by 24 hour acid washing‘in
M HNOB, and rinsed thoroughly in filtered, deionized and
glass distilled water.

3. Apo A-I and Apo A-II. HDL was isolated from fresh citrate-

dextrose human plasma (American Red Cross, Boston, MA) by the
phosphotungstate precipitation method (Burstein and Scholnick,1973).
The solution density was increased to 1.21 g/ml by the addition

of solid KBr (Hatch and Lees, 1967). Two ultracentrifugal
flotations (120,000 g, 20 hr, 18°C) yielded HDL which gave a

single immunoprecipitation line against combined anti-human-

apo A-I and anti-human-apo A-II antisera (Calbiochem-Behring,
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LaJolla, CA) and no reaction with anti-human-LDL, anti-human-
IgG (Miles Research Products, Elkhard, IN) or anti-human-
albumin antisera (Calbiochem-Behring, EaJoila, CA). HDL was
delipidated by extraction with diethyl ether and ethanol
(3:2, viv), at -10°C in a NaCl-ice-water bath (Scanu and
Edelstein, 1971). Choline containing phospholipid contamination
was less than 0.4% (by weight) when assayed by the choline
oxidase method (Gurantz et al., 1981).

The holo apo-HDL was dried at 10mtorr, dissolved in

buffer (M urea, 0.01M Tris, 0.001M NaN,, pH 8.6), and apo A-I

3
and apo A-II were separated by gel chromatography using
Sephacryl S-200(Pharmacia Fine Chemicals, Piscataway, NJ).

The sgparation was monitored by 0.1% SDS-polyacrylamide gel
electrophoresis'(Weber and Osborn, 1975).v Apo A-I and apo A-II
were rechromatograbhed (up.io a total fhfee times) until there'
was a single band present on 0.1% SDS-polyacrylamide gel
electrophoresis (protéin application of 100 ug). Both apo A-I
and apo A-II gave specific immunoprecipitation patterns against
either rabbit anti-human apo A-I or apo A-II antisera (courtesy
of Dr. Angelo Scanu, Dept._of Biochemistry and Medicine,
University of Chicago Medical School, Chicago, IL).

Following gel chromatography, the apo A-I and apo A-II were
obtained by dialysis with four changes of buffer (0.15M NaCl,'
0.01M Tris, 0.001M NaN,, pH 7.6) at 4°c, and stored at 4°C.

All solutions in this study contained Tris—NaN3 at the above

concentration and pH. Protein concentrations were determined
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spectrophotometrically using extinction coefficients of

32,350 IL/mole/cm at 280 nm for apo A-I (Formisano et al., 1978)
and 12,100 L/mole/cm for apo A-II (Stone and Reynolds, 1975).
Apo A-I and.apo A-IT were also assayed by the method of Lowry
et al. (1951) using bovine serum albumin (Sigma Chemical Co.,

St. Louis, MO) as a standard.

B. Methods

1. Solution Preparation. A series of agqueous apo A-T and

apo A-II solutions (0.2 to 1.8 mg/ml) in guanidine HC1l (0.25,
0.50, 1.0 and 2.0M) were prepared by mixing protein and L.,0M
guanidine HC1l solutions. Prior to use, the guanidine stock

solution was filtered through a O.Zzﬁ filterf(Millipore, Bed-

- ford, MA). 'Apo A-I solutions with varioué‘NaCl concentrations

(0.15, 0.5, 1.0 and 2.0M) were prepared by mixing aqueous
apo A-I and variable volumes of 4.0M NaCl solutions.

2. Sample Clarification. To remove dust for light scattering

analysis, solutions were centrifuged in acid washed cylindrical
scattering cells (6x50mm, Kimble, Toledo, OH) at 10,000g for

10 minutes to one hour. With dilute, weakly scattering samples,
centrifugation for up to 15 hours was required. The centrifugal
forces generated were insufficient to induce a protein concen-
tration gradient within the scattering cells. This was verified
by centrifugation for 30 hours which produced particle sigzes
which did not differ from those measured after 15 hours.

3. Quasielastic Light Scattering. The Brownian motion of

particles results in temporal fluctuations in the intensity of
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scattered laser light. The autocorrelation function, %%%%,

of the scattered light intensity is given by

_T 1
B = (1 g )2 | (1)
n=1

(Missel et al., 1980). The decay constant of the nth particle
species, Fn, is equal to Dn/q2 where q is the magnitude of the
scattering vector and Dn is the diffusion coefficient of the
nth particle species. For a monodisperse system, the decay
constant, ', is proportional to 1/D, where D is the diffusion
coefficient. The autocorrelation function of each species, is
weighted by the fracfion of light scattered by each species:
Gn—m (2)
Where Cn and M_ are the weight concentration and the molecular -
weight‘respectively of the nth species. The mean trahslational
diffusion coefficient, ﬁ, is'calculated from the averagé decay
constant: D =ff/q2, where T is defined as £G,T,- Using D,
the mean hydrodynamic radius, ﬁh’ is then calculated using the
Stokes-Einstein relationship: .

kBT

where KB is the Boltzman constant, T is the absolute temper-
ature, and n is the viscosity of the solvent. Further details
of the apparatus and the data analysis can be found elsewhere
(Mazer and Carey, 1983). Values of the viscosity and refractive
index for guanidine HCl solutions were obtained from Kawahara

and Tanford (1966).
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The polydispersity or variance of particle size, V, is
given as a percentage. This value represents a measure of the
width of a population distribution which is assumed to be unimodai.
The variance function is weighted by the molecular weight of
each species and its diffusion coefficient:

) — 1
(0% - §%)*

V = 100 x % (4)

Each experimental result given is the average of ﬁh values
derived from aﬁalysis of three to five autocorrelation functioné
accumulated over a time period of ten seconds to five minutes.
For some dilute solutions that scattered light weakly, only one
or two autocorrelation functions were obtained. Temperature

was thermostatically controlled within O;5°C by a Peltier
thermostatic device. Vﬁh values of the pafticles'iﬁ various -
'apo A-I and apo A-IT solﬁtions were measured at séveral tempera-
tures over the range 10 to SOOC. Samples were allowed to
equilibrate for 15 minufes at a given temperature. Longer
equilibration times (up to 2 hours) did not change the

measured ﬁh values.

4. Mean Scattered Light Intensity. The relative intensity of

the scattered light (90° angle) of apo A-I solutions (0.09 to
1.8 mg/ml) was also measured. The normalized mean intensity

T is defined as

'I' - & 0 (
S 5)

where Ia and IO are the absolute intensities scattered from
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solutions of apo A-I, and from the buffer alone, respectively.
The intensity of the scattered light from a self associating

solution depends on the mole fraction of each species, Xn’ and

the aggregation number of each species, n. Therefore, I is

proportional to ZnZXn. The weight average aggregation number,

T, is defined as

2
n Xn

Because I is proportional to an

X n is proportional to

T/Enxn. Since Zan is the total molar concentration of monomers
in any aggregation form, n is also proportional to I/C where

C is the welight concentration of apo A-I.

5. Equilibrium Dialysis. Equilibrium dialysis of apo A-I

(1 mg/ml) was carried Out_with‘taurocholate‘(TQ> concentrations
ranging from 0.15 to 70mM at 22°C. A 1 ml solution of apo A-I

lL”C-—TC solution

(1 mg/ml) in buffer was dialyzed against a 1 ml
in thé same buffer. Equilibrium dialysis cells (1 ml) were
separated by Spectrapor 2 dialysis membranes. To determine

the time required for equilibration 0.05 ml aliquots from both
cells were withdrawn at several intervals up to 72 hours and the
TC concentration measured by scintillation counting. After

24 hours, 99% of the value at 72 hours was attained. Therefore
for subsequent experiments, duplicate aliquots (0.100 ml) were
withdrawn from each cell at 24 and 48 hours. Both ﬁh and mean
scattered intensity were measured at fixed apo A-I and various

TC concentrations for the apo A-I/TC solution as well as the

equilibrated TC solutions.
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6. High Pressure Experiments. The ﬁh of a 1 mg/ml apo A-I

solution was measured at various pressures (1, 10, 20, 30, 40,
50, 75, 100, 200, and 500 atm) at 3700 in a high pressure cell
which is described fully elsewhere (Fisch and Benedek, 1984).
Following each change in pressure the apo A-I solution was
equilibrated for 2 hours during which several measurements of
ﬁh were made. At 100 atm the sample was allowed to equilibrate

for 15 hours. The hydrostatic pressure in the cell was measured

with an manganin pressure gauge (Bridgman, 1931).
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ITI. RESULTS

A. Self Association of Apo A-I

1. Concentration Dependence. Figure 1 shows the dependence

of ﬁh (R, left vertical axis) on total apo A-I concentration
(mg/ml and uM, horizontal axes). Between apo A-I concentrations
of 0.1 and 1.0 mg/ml, ﬁh increases sharply as apo A-I concentra-
tion increases. At higher apo A-I concentrations, ﬁh levels

off and approaches an asymptotic value of approximately 68 .
The so0lid and dashed lines in Figure 1 are calculated from
theories to be described later which assume step-wise self
association of apo A-I from monomers to dimers and from dimers
to limiting octamers with increasing concentration. Utilizing
four separate plasma preparations of apo A-I (Figure 1), the
data dispersion ofvﬁh.values is approximately the same as the
experimental error ( =2%). AAt an apo A-I_coﬁqentration of 1.8
mg/ml (in the plateau region), the polydispersity (V) of the
micelles was approximately 25%, indicating a relatively monb—
disperse population. At lower apo A-I concentrations, V of

the particles with smaller radii increased to 40 to 50%. This
increase may be partly artifactual, due to a decrease in the
signal to noise ratio.

In Figure 1, I/C is also plotted on the right vertical
axis against apo A-I concentration. As apo A-I concentration
increases, there is a sharp increase in I/C, reaching a plateau
value at higher concentrations. Since n is proportional to
1/C, n, the weight average aggregation number, increases by a

factor of 2.4 over the apo A-I concentration range 0.1 to 1.8

mg/ml.
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. Figure 1. Concentration dependence of Ry and normalized
scattered light intensity (T/C) of apo A-I (0.15M NaCl,
37°C, 1 atm). Measurements from four separate apo A-T
preparations are shown (O ¥ A 0 ). Error bar denotes ,
experimental error in Rp. Dashed and solid lines are
based on theoretical models I and III for ﬁh'




.2. Temperature Dependence. In Figure 2, the dependence of

ﬁh (R) is plotted against apo A-I concentration (mg/ml) for
several temperatures (10 to 5000). At all temperatures there
is a modest increase in ﬁhrwith concentration, and the ﬁh
values level off at higher concentrations However as temper-
ature is increased, the increase in ﬁh with concentration
occurs at progressively higher concentrations. The solid
curves are theoretically derived from a mathematical model
to be described below. The temperature dependence (10 to
50°C) of ﬁh is replotted in Figure 3 for three apo A-I concen-
tratioﬁs (1.7, 0.85, and 0.42 mg/ml). ﬁh changes little with
increases in temperature up to 3700 and then decreases steeply
up to 50°C. -Between 10 and BOOC, with all increments or
decrements in temperatufe, ﬁh.attained‘its new equilibrium. -
‘valué within.- 15 minutes. These changes were fully reversible.
At temperatures above 50°C, ﬁh of apo A-I increased
continuously over a period of several hours, to values of 100
to 200 & (not plotted). Upon lowering the temperature to 37°C,
ﬁh did not return to previous values. This suggests irrever-
sible denaturation of apo A-I which has been documented to
occur at 54°C by other methods (Tall et al., 1975).

3. Ionic Strength. Figure 4 demonstrates how the dependence

of ﬁh on apo A-I concentration (at 37°C) varies with increases
in ionic strength. At all NaCl concentrations between 0.15
and Z,OM, ﬁh increases.strongly with apo A-I concentration,
and asymptotically approaches a limiting value of 66R. i

31
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Figure 2. Concentration dependence of R, of apo ASI:
effects of temperature (O 15M NaCl, 1 atm): a. 10 C;
b. zooC c. 30°C; 4. L4s5°Cy e. 5000 .
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A 0.85 mg/ml; O 0.42 mg/ml.
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L, Effect of Guanidine HC1l. Figure 5 demonstrates how the

dependence of R, on apo A-T concentration (at 20°C) varies as
guanidine HC1l concentration increased from O to 2.0M. At the
higher guanidine HCl concentrations, ﬁh did not approach the
limiting value of 68 R ovserved in the absence of guanidine HCI1.
At 2.0M guanidine HC1, ﬁh (28 ) did not change with apo A-I
concentration. In Figure 6, we replot these data to demonstrate
the dependence of ﬁh on guanidine concentration at fixed apo A-I
concentrations (1.8, 0.9 and 0.45 mg/ml). It is apparent

that ﬁh approaches a limiting value of approximately 28 R

irrespective of the initial apo A-I concentration.

5. Pressure Effects. At pressures which ranged from 1 to 500

atmospheres, the ﬁh of a 1 mg/ml apo A-I solution remained

. constant at 63 + 2 R (not plotted). This value did not vary

* when the equilibration time waé extended to 15 hours at ibo

atm. After exposure to the highest pressures, the concentration
dependence of the sample was measured at 1 atm pressure and
found.to be identical to earlier data at 1 atm. These results
excludelthe possibility that high pressures may irreversibly

denature apo A-I.

B. Bile Salt-Apo A-I Interactions. Figure 7 depicts the

equilibrium binding curve (solid line) of TC and apo A-I
(1 mg/ml) plotted as moles TC bound per mole apo A-I against
TC concentration (mM). At concentrations well below the CMC

of TC (approximately 3 mM) (Carey and Small, 1969), less than
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Figure 5. Dependence of Rh on apo A-I concentration
at varlous guanhidine HC1l concentrations (0.15M NaCl,
37°C, 1 atm): O 0.0M; v O0.5M; OO0 1.0M; &N 2.0M.
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concentration (0.15M NaCl, 37°C, 1 atm): O 1.0 mg/ml apo A-I;
0 0.5 mg/ml apo A-I.
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1 mole TC/mole apo A-I is bound. Above the CMC of TC, there

is a gradual increase in binding to about 25 moles TC/mole apo
A-I. TC binding does not reach a iimiting value at the highest
TC concentrations studied (70 mM).

Figure 8 displgys ﬁh as a function of TC.concentration
for solutions with and without apo A-I (1 mg/ml) at 20 and 40°C.
At both temperatures, ﬁh remains constant below 1 mM TC. At
higher TC concentrations, ﬁh falls steeply to approach the
ﬁh of smaller simple TC micelles, 11 B. To determine whether
these ﬁh values represent mixed micelles or a weighted average
of apo A-I and TC simple micelles, the intensities of the
apo A-I/TC solution, the equilibrated TC solution, and the
buffer were measured (Table 1). This information will be
used below in conjunct;on with a mathematical modéi of dapo A-I
self association to demonstrate-the preéence of apo A-I/TC
mixed micelles, and not a Weighted average of apo A-I and TC
micelles.

The physical interactions of apo A-I and two other bile
salts, one more hydrophobic than TC, taurodeoxycholate (TDC),
and one more hydrophilic than TC, tauroursodeoxycholate (TUDC),
were also investigated using QLS. Figure 9 demonstrates ﬁh
values of these 1 mg/ml apo A-I/bile salt solutions plotfed
against bile salt concentration. Bile salt concentrations at

which ﬁh begins to decrease correspond to the order of the

aqueous CMC's: TDC<TUDC<TC.
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TABLE 1

-I/TC MIXED MICELLES

CALCULATIONS OF n OF APO A
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C.. Apo A-II Self Association. Data on the self association

of apo A-II solutions as functions of concentration, tempera-
ture, and guanidine HC1l concentration were more difficult to

" collect due to the difficulty of isolating apo A-II, and the
low intensity of light scattered from the smaller micelles

of apo A-ITI. Figure 10 depicts the dependence of ﬁh on apo A-II
concentration at 37OC. ﬁh increases from 21.5 R at 0.22 mg/ml
to 34 8 at 1.8 mg/ml, leveling off at the highest apo A-II
concentrations. In Figure 11, the dependence of ﬁh on temper-
ature is shown. At the four apo A-II concentrations studied
(1.8, 0.9, 0.45 and 0.22 mg/ml), there was no variation of

ﬁh over the range 10 to 37°C. Figure 12 shows the ﬁh of two

apo A-IT solutions (0.45 and 0.9 mg/ml) in 0, 0.5 and 1.0
guanidihe'HCl (37°C).9 As guanidine HC1l concentration increases,
ﬁh approacheé a minimum value of approximately 20.5 R at both

apo A-IT concentrations.



CONCENTRATION DEPENDENCE OF
HYDRODYNAMIC RADIUS OF APO A-II

APO A-IL CONCENTRATION (uM)
O 20 40 60 80 100

50
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O ] ] |
0 05 1.0 1.5 2.0

APO A-II CONCENTRATION (mg/ml)

Figure 10. Congen’cration dependence of ﬁh of apo A-ITI.
(0.15M NaCl, 37°C, 1 atm).
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IV. DISCUSSION

A. Theoretical Analysis of Apo A-I Self Association. The

concentration dependence of ﬁh has similar features under all
experimental conditions, such as variations in NaCl concentration,
temperature, and guanidine HC1l concentration, which are
examined in this work: as apo A-I concentration increased,
ﬁh increased to gradually reach a limiting value. We will now
describe and test three possible apo A-I self association
models, each with an increasing degree of complexity (shown
schematically in Figure 13). In Model I, we examine an
equilibria of four dimers to form an octamer, ignoring the
existence of monomers. In model II, we examine the case of
multiple equilibria between dimers, tetramers, hexamers and
octamers. In model II, we extend Modei];to allow equiiibria‘
between mOnomers, dimers, and octamers. We will show below
that our experimental data is most consistent with Model III.
Both mean intensity (I) and ﬁh data suggest that apo A-I
self associates to a discrete limit (Figure 1), not exceeded
under any physical chemical conditions studied here. At 3700,
the smallest ﬁh measured (39 ) is approximately the size of
the dimer as determined by gel filtration (39 X) (Morrisett
et al., 1977). Over an apo A-I concentration range of 0.1 to
0.9 mg/ml, I/C increases by a factor of 2.4. Over the same
range, §h increases from the dimeric size (39 ﬁ) to 59 R.
Since I/C is proportional to n, this implies that n increases

from approxmiately two monomers (0.1 mg/ml) to five monomers
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(0.9 mg/ml). At 0.9 mg/ml, ﬁh is less than the asymptotic value
(68 B). Therefore, five is a minumum estimate for the limiting
value of n.

Because apo A-I self association reaches a limit, the
model that we propose must provide for a closed structure in
which further association of apo A-I is disadvantageous. To
calculate values of ﬁh for various models, we require an
estimate of ﬁh of aggregates of varying molecular weight and
shape. We shall first demonstrate how ﬁh allows us to estimate
the shape of a particle, and we will then use this method to
make an informed estimate on the shape of apé A-T self
aggregates.

If the apo A-I monomer is spherical, then its ﬁh can be
‘estimated as follows: the total Volume of the molecule is
the sum of the volume of the protein (Vp) and the added volume
due to hydration (Vh). The former can be calculated from the
partial specific volume of apo A-I (V) (0.74 ml/g) estimated
from the amino acid content and the molecular weight, Mr
 (28200) (Scanu et al., 1982):

b
Vo = i%ﬁ (7)
where No is Avogadro's number. Since typical values of pro-
tein hydration are 0.3 to 0.4 g HZO/ g protein (Cantor and
Schimmel, l980),land the specific volume of water (VW) is
1.0 ml/g, we have

_ Mr
Vy = N_ (0.35) "5 (8)
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By solving this equation, we obtain an approximate total
volume of the apo A-I monomer, V, of 33,900 33. On this basis,

the hydrodynamic radius, Rh’ is obtained:
. 1/3
R, = (D) (9)

and is found toteapproxmiately 22 ®. From the limiting value of
the sedimentation coefficient at low apo A-I concentrations,

we calculate Rh of the apo A-I monomer to be approximately 28 R
(Vitello and Scanu, 1976a). The calculated Rh value assumes

a spherical particle, and we denote it as (R)- The ratio of
Rh/(Rh)S can then be defined as the friction factor, f. Values
of £ have been calculated for prolate and oblate ellipsoids of
varying axial ratio (Cantor and Schimmer, 1980). In this way
the'shapefof the monomer has been estimated from thderivéd
from sedimentation coefficients and the specific volume to be

a proiate ellipsoid, with semi-major axis of 150 R and semi-
minor axis of 25 & (Barbeau and Scanu, 1979). Similarly, for

a dimer with an experimental Rh of 38 B (Morrisett et al., 1977)
and the same V, we calculate that a prolate ellipsoid would
have semi-major axis of 190 2 and semi-minor axis of 30 X.

The building blocks of monomers and dimers could self
associate in a number of ways, but our derivation is constrained
by the fact that the limitihg aggregate has an Rh of 68 R.

If dimers associated end to end, the Rh of a hexamer can be
estimated from the molecular weight and f to be approximately
65 to 75 8. This result fits well with the limiting size of 68

R obtained by QLS is this work. However, forces which favor
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aggregation should tend to promote indefinite aggregation.

The Ry of an octamer composed of dimers which self associate
end to end is estimated to be 80 to 90 8. This is 15 & larger
than the observed ﬁh value in this study. If dimers associate
side to side to form a "donut shaped" aggregate, Rh can be
estimated using values of f for toroids (Allison et al., 1980)
to be about 60 to 70 &. A schematic depiction of this octamer
is shown in Figure 1. This structure has the advantage that
there is an intrinsic limit on n, and no further apo A-I
molecules could be added easily.

To model mathematically apo A-I self association, we now
make use ofvthese values for Rh' In Figure 13, we show an
energy ladder representation of Model I (Missel et al., 1980).
The horizontal lines represent possible.aggregation states,
and distances between these lines represent the frée energy
change upon interaction of monomer or oligomers of various n.
The mole fraction of each possible aggregate of n monomers (Xn)

is defined:

where Cn is the concentration of n-mers in mg/ml, Mr is the
molecular weight of the monomer, and M is the molarity of water.
To form an octamer from four dimers, the free energy change is
defined as QAGD, where AGD is the free energy changevfor the
interaction of two dimers. The relative mole fraction of X,

and X8 can then be expressed by the equilibrium condition




Xg
Keq = 7 8 (1)

—MAGD
Keq." exp (—x7) (12)
We define a mole fraction of monomers
uAGD
X, = exp (—5zr>) (13)

Substituting equation 13 into equations 11 and 12, and eliminating

Keq’ X8 can be expressed as a function of X2:
X X
A A .
We then define:
X X : X
8 2 n
= = X' =< = X.' = = X " (15)
XA 8 XA 2 XA n

By conservation of matter, we can also express the total concen-
tration of monomers (X) present as either dimers or octamers
as a function of X, and X,:

X = 2X, + 8Xg or X' = 2, * 8(x,")" (16)

Using values of R, of the dimer (R = 38 R) and R, of

h h-dimer h
the octamer (Rh—octamer = 68 R) together with the definitions
of ﬁh and n, we can then express ﬁh and n solely as functions

of Xz/XA:
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. 2 . i
- nx hX, . 64 (X,")
i; - En—n—mer 2 Rh-dimer Rh—octamir (17)
5 T2, - ' '
R, I n"x, hX, 6k (X,")
— o bx, o+ eh(x, )Y
n = _"2 2 5 (18)
2X,' + 8(X,")
where Ry _, ... is the Ry of an n-mer (R _4ip... = 38 R ang
Ry -octamer - 68 R). By choosing a value for X,', we can

calculate X', n, and ﬁh' In Figure 14, we show the dependence
of ﬁh and n on total apo A-I concentration. Each value of ﬁh
and n corresponds to a single value of total apo A-I concen-
tration. This dependencelof_ﬁh on concentration has the same
characteristics of our experimental curve (Figure 1). AUsing.
’thié'theoréfical cﬁrVe, for'any measured value of §h’ we can
read off the corfesponding value of X' and the mean aggregation
number, n. Since the totallmole fraction of monomers, X, is
known, we can calculate XA for each measured value of ﬁh‘

At a fixed temperature and ionic strength, XA shouid not vary
with concentration, allowing us to calculate a single value of
XA for a series of concentrations (see Table 2). It is
apparent that there 1s random scatter of the values about a
mean XA of 1.35 x 10-7. With this XA value, and the relation-
ship between ﬁh and X/XA in Figure 14, we can compare the
predicted dependency of ﬁh on apo A-I concentration with our
experimental results. The dashed curve in Figure 1 is derived
in this way, and shows excellent agreement between model I

and our data; however, there 1s some deviation of ﬁh at




SELF ASSOCIATION OF APOA-I
THEORETICAL DEPENDENCE OF Ry AND 77
ON APO A-I CONCENTRATION

X/ XA

Figure 14. Theoretical curve of model I showing dependence
of Ry (s0lid curve) and n (dotted curve) on X/XA.




EFFECT OF APO A-I CONCENTRATION ON Xp

[ 2

TABLE 2

C oﬁggn{z;gtion 23

(mg/ml)

0.10 1.82 x 1077
0.15 1.19 x 107
0.20 1.21 x 1077
0.25 1.23 x 1077
0.1tk 1.37 x 1077
0.66 1.37 1077
1.00 1.22 x 1077
1.80 1.39 x 1077
mean 1.35 10”7
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apo A-I concentrations below 0.2 mg/ml.

In Model I, by taking into account dimers and octamers
only, we have an excellent fit of the predicted ﬁh values at
apo A-I concentrations above 0.2 mg/ml. We will demonstrate
later that this model provides an excellent fit for our data
at various temperatures énd NaCl concentrations. However,
intermediate forms probably exist between dimers and octamers,
and in Model II we shall investigate whether this affects
the fit between theory and experiment.

In Model II we assume that (1) the energy advantage for
the association of two dimers to form a tetramer is‘gGD; this
value is the same as for a tetramer associating with a dimer
to form a hexamer; and (2).the energy advantage for a dimer
associating with a hexamer to form an octamer is ZAGD, since
in the "donut" model two dimer-dimer interactions occur as the
ring is closed. The energy level diagram of Model II is

shown schematically in Figure 1l1. We can express XQ, X6, and

Xg as functions of X, by :

Ag

Xy, = X22 exp(é'—ﬁ%) (19a)
2AG

Xg = Xp2 exp(-——gmd) (19v)
LAG

Xg = XZL" exp( - ————RTD)




If we define a mole fraction of monomers:

‘ AGD
Xy = exp(—§f) : (20)
and
X : '
" ¢ | . .
X, = -——XB (21)

2 3
X X X
2 2 2.4
X = e X = X = (—"') (22)
T & 6 = ¥,2 ‘g = (%,
or
. N2 3 . (x,0"
B= 507 X s (07 Xyt (23)

We can again express X', ﬁh’ and n as functions of Xé and XBf

with estimates of the values for Rh_of the tetramer'(Rh-tetramér'.

"» L8 X) and hexamer (Rh-hexamer

= 55 R):

) 5 0t
X' = 2X2 + Q(XZ )T+ 6(X2 )7 + 8 ——ig”— (24)
W(x,)  16(x,")2 %(x,1)°  k(x,) 1
1 ® .. 'R "R TR X
- _h-dimer h-tetramer h-hexamer h—octamzr B (25)
D L . 1) 2 1 3 ) >
R, hX, + 16(X,") + 36(X,")7 + 6L(X,')
Xp

In contrast to Model I, ﬁh is a function of X' as well as the
absolute value of XB. To compare Models I and II we have used

the value of XB obtained from Model I corresponding to AG. at

D
3700, 0.15M NaCl. For this value of XB we can determine the
dependence of ﬁh on X'. This curve is entirely superimposable

on the theoretical curve for Model I shown in Figure 14.
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Therefore since models I and II
of ﬁh on apo A-I concentration,

n such as QLS and sedimentation

57

predict the same dependence

methods which measure ﬁh and

equilibrium would be unable

to distinguish between Models I and II.*

Whereas in Models I and II the existence of monomers has

been ignored, Model III (Figure 11) includes monomers. There
are two free energies, AGD and A G,,, the free energy change of

Since both AG can be expected

two monomers dimerizing. and AGM

D
to be similarly affected by changes in solution properties
(NaCl concentration, temperature, guanidine HC1l concentration),
we have assumed that AGM is related to AGD by a constant

factor F:

AG,, = FAG A» (26)

M D
Since we have demonstrated that the presence of tetramers and
hexamers do not significantly alter our results, we investigate

in Model III the case of a monomer-dimer-octamer equilibrium.

We can express mole fractions of the n-mers as follows:

5 FAGp, . FA G,
— - ——— - 2 ¢ - S——
X, = X4 exp( =T ) or X; = X5 exp( SR ). (27a)
LAG
4 !
Xg = Xy  exp(- —r°)

To assess how well Model III fits the experimental data, values

of XA (defined as in equation 13) and F were obtained as

*

Because of the large free energy change of 2AGD between the
hexamer and octamer, equilibria strongly favors octamer form-
ation. The absolute amount of monomer present as tetramers and
hexamers is negligible. Therefore the weighted averages Rp and
n are unaffected by the presence of these intermediates.
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follows. Using the definitions of R, and n, theoretical

curves of ﬁh against X/XA for several values of F were calculated
as described for previous models. For each value of F the
average value of XA at 3?00, 0.15M NaCl was determined. The
‘sums of the squafes of the relative deviations of ﬁh from this
theoretical curve are shown in Table 3. It is evident that

the minimum corresponds to a value of approximately 5.3 for

F; AGM is approximately -38 kcal/mol. Since our data is

limited in the low concentration regime where monomers contri-
bute significantly to ﬁh’ d%ﬂ cannot be determined with

precision. However, we can conclude from the relative values

of AGM and A G, that the free energy change for the association

D
of monomers to form dimers is much stronger than that fof the
association of dimers to form -octamers .

The solid curve in Figure 1 is thée best theoretical fit
for Model III. Models I (the dotted curve in Figure 1) and III
differ very little at values of ﬁh above 45 R. at higher
concentrations the monomers contribute little to ﬁh and n
which are weighted toward larger molecular weight species.
At lower conéentratibns the curves of Model I and III approach
different limiting values for R, of the dimer (38 R) and
monomer (28 X) respectively. The experimental point at 0.09
mg/ml fits Model III in a more satisfactory manner.

Values of ﬁh for most of our experimental data show that

apo A-I is extensively self associated, where Models I and II

are virtually identical. Since values of XA are considerably




BEST FIT OF F IN MODEL ITI

TABLE 3

F Z(A;h )2
h
1.33 0.131
2.67 0.138
L.00 0.079
5.33 0.090
6.65 0.088
8.0 0.125
10.6 0.211
o 0.312
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easier to compute for Model I' than for Model III, we have
used Model I to determine values of AGD under various experi-

mental conditions.

B. Effect of Solution Conditions on AGpD. With Model I of

apo A-I self association we can analyze the effects of tem-
perature, ionic strength and guanidine HC1l concentration on
apo A-I self association. Table 4 lists values of X, and AGp
determined for each temperature and ionic strength studied.

As demonstrated by the solid curves in Figures 2 and-h which
were derived from these values, there is excellent agreement
between theory and experiment.‘

The relative magnitude of the hydrophobic and electrostatic
components of:AGD can be estimated. from the effect of iqnic
strength on AGD. The electrostatic componenf of AGD, AGel’
is the difference between AGD at a given NaCl concentration
and AGD with complete shielding of chargés. AGel was estimated
using the Verwey-Overbeek theory of electrical interaction
between two spherical double layers (Mazer, 1978).* The net
charge at pH 7.6 per dimer was taken as +8 from measurements
of fhe surface charge of apo A-I (Heuck et al., 1983) and the
radius of the dimers was taken as the hydrodynamic radius (38 8).
In Table 5 we show AGel estimated for each of the four NaCl

concentrations studied. Since two positively charged dimers

* .
This is only an approximation since the apo A-I dimers are
neither spheres nor have a symmetrical charge distribution.




TABLE 4
VALUES OF AGD AT VARIOUS TEMPERATURES AND NaCl CONCENTRATIONS

T NaCl X, A
(°c) conc(:ﬁl)q‘tratlon (keal/mol)
10 0.15 1.08 x 1077 -6.78
20 0.15 1.10 x 1077 -7.00
30 0.15 1.14 x 1077 -7.21
37 0.15 1.39 x 1077 —7.31
b5 0.15 3.19 x 1077 . =7.09
50 0.15 6.14 x 1077 _6.89
37 0.50 0.96 x 1077 747
37 1.00 0.77 x 1077 -7.56
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repel one another as they associate, AGel is a positive
value. At 0.15M NaCl, the estimated repulsive force of AGel
is only 0.34 kcal/mol, compared with a net attractive force
of AGp of -7.31 kcal/mol. At 2.0M NaCl, G decreases

to only 0.01 kcal/mol. In the last column of Table 5 we show
the difference between the value of AGD at a given NaCl con-
centration and AG, at 2.0M NaCl (AGD - AGD(Z.OM NaCl))' Since
AGel at 2.0M NaCl is very small, AG

D “%Cp(2.0m wac1) 1S
approximately AGel, and agrees well with our theoretical
predictions of AG,;. These changes in AGb with variations in
ionic strength are proportionally small; however, the resultant
changes in ﬁh are easily observed experimentally.

Since Acél makes only a small_contfibution tozﬁGD, thé
driving force for self assbciation is pfedbminantlythydrdphobic.
Reynolds et al. (1974) have estimated that the free energy
change in creating a hydrocarbon-aqueous interface is about
20 cal/ﬁz. The surface area of apo A-I removed from aqueous

contact (A ) can be calculated from the experimental values

area

of AGD and AGM:
) _ gy o B8y o
area 55 cal/R? 20 cal/R%

We calculate from equation 27 that when two monomers interact
a total cavity surface area of 1600 ﬁz is removed from aqueous
contact, which is equivalent to 800 82 per monomer. When two
dimers interact, a total cavity surface area of 370 82 is

removed from aqueous contact, equivalent to 90 32 per monomer.

The area for the monomer-monomer interaction is substantially
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TABLE 5
COMPARISON OF EXPERIMENTAL AND THEORETICAL VALUES OF AGel

NaCl AG AG AGH -AG
concentration . D el D D(2.0M NaCl)

(M) A (kcal/mol) _ (kcal/mol) (kcal/mol)

0.15 -7.31 0.34 0.27

0.50 ~7 47 0.08 0.11

1.00 7,56 0.03 0.02

2.00 | -7.58 0.01 0.00
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less than the area per apo A-I at an air-water interface,
approximately 2500 Rz (Shen anq Scanu, 1980). There are several
possibilities to explain this discrepancy. The surface area of
an air-water interface is likely to be overestimated since |
proteins (including apo A-I) undergo changes in secondary
structure. Also since the hydrophobic portions which interact
in self association are not as hydrophobic as a pure hydro-
carbon, the free energy change in creating an apo A-I agueous
interface will be somewhat less than 20 cal/ﬁz.

Since guanidine HC1l is known to decrease hydrophobic
interactions and unfold proteins, the hydrophobic component

of AG, should decrease with increasing amounts of guanidine

D
HCl. Since experimental values of ﬁh fall in the range of

monomers and dimers, we have used Model | ITII to determine

AG.. In Table & we show values of AG. for a 1.0 mg/ml apo

D
A-T solution at 0.15M NaCl.

D

From the variation oszGD with temperature, the thermo-
dynamic quantities AH and AS can theoretically be determined
from the relation

AH

-‘-'—-T'-AS (28)

682
T
In Figure 15, AG/T is shown on the vertical axis and 1/T is
shown on the horizontal axis. From 10 to 30°C, the dependence
of AG/T on 1/T is linear and AH and AS were deduced as -0.7
kcal/mol and 21.5 cal/moloK respectively. Therefore at low

temperatures the major driving force for association is




TABLE 6

65

VARIATION OF AGD WITH GUANIDINE HCX CONCENTRATION

Guanidine HC1

_ so,
conce?§§atlon (kcal/mol)
0.0 -7.31
0.5 —6-71
1.0 -6.39
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entropic. This 1is also the case for the self association of
bile salts (Mazer et al., 1979). The marked change in the
dependence of AG/T on 1/T at temperatures above 3?°C suggests
that other factors such as conformational changes become

important in apo A-I self association.

C. Comparison with Literature Data. There are substantial
discrepancies in the literature concerning the concentrafion
dependence of apo A-I self association. Sedimentation equil-
ibrium studies have been reported to be consistent with a
maximum aggregation number of dimers (Gwynne et al., 1974)
tetramers (Stone and Reynolds, 1975) and octamers (Vitello and
Scanu, 1976a). In Figure 16 we show the dependence of Ei
(veftigal,axis)»pn concentration (horizontal axis) from these
studies, as wéil as from sedimentation equilibria studies of
Swaney and 0'Brien (1978). There are wide differehces in n
deduced from these studies. Formisano et al. (1978) attempted
to resolve these differences by considering the hypothesis that
hydrosfatic pressures generated by the ultracentrifuge affected
self association. Equilibrium constants over a range of rotor
speeds were extrapolated to zero acceleration, and this predicted
a concentration dependence of n as shown in Figure 16. They
found that the acceleration promotes dissociation, i.e.,
decreases n and concluded that hydrostatic pressure generated
in the ultracentrifuge (up to 100 afm) favored dissociation.
For comparison, Figure 16 shows the theoretical concentra-

tion dependence of n at 20°¢C predicted from the present work.




SELF ASSOCIATION OF APOA-I
CONCENTRATION DEPENDENCE OF 7 .

Present Work
6 -
-~
-7 |
/7 Formisano etal (1978)
/
5 /
/
7 4r / |
/ Vitello & Scanu (1976a)
3 [/ Swaney 8 O'Brien(1978)
/P
| o <~
2r /| /5 Stone &Reynolds (1975)
/ Va
2y ] | ) |
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APO A-I CONCENTRATION (mg/m/!)

Figure 16. Dependence of n on apo A-I concentration,
literature values: V Swaney (1978) ,4=0.245, 20°C; A Swaney
(1978) # =0.,045, 20°C; = Vitgllo (1976a) »=0.02, 20°C;

Stone (1975)u =0.045, 207°C; Formisane (1978)4« = 0.11,

200~ , extrapolation +to zero rotor speed; present work,
ME CC‘§.16, 200C.
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There is excellent agreement with the extrapolation to zero
acceleration obtained by Formisano, and poor agreement.with
results ffom other ultracentrifugal studies. In the present
study we have directly measured ﬁh at pressures within and
above the range generated in the‘ultracentrifuge (up to 100
atm), at comparable concentrations and did not observe any
effect on ﬁh' Our results confirm the empirical observation
. of the effect of rotor speed, but we are unable to support
the hypothesis that there 1s a direct pressure effect on apo
A-I particle size. These differences may be attributable to
other perturbations inherent in the sedimentation equilibrium
technique, most notably the effect of differing sedimentation
" rates of counterions énd self.associating apo A-I molecules.

- The viscometry étudie$ of Barbeau et al. (1979) suggested
an indefinite association model with pairs of dimers - associating
end to end, a model our studies do not confirm. Swaney and
O'Brien (1978), using crosslinking with diethylsuberimide,
studied the dependence of self association on concentration,
ionic strength, guanidine HC1l concentration and temperature.
The maximum aggregation number observed by this method was only
five, with half maximal aggregation at an apo A-I concentration
of 0.4 mg/ml. The discrepancy between Swaney and 0'Brien's
maximum aggregation number and our maximum aggregation number
of eight may be due to steric factors which may hinder complete
crosslinking. Their data compare well with our prediction of

half maximal aggregation (n = 4.5) at 0.3 mg/ml.




70

The temperature dependence of apo A-I self association has
been less well studied. Swaney and 0'Brien found apo A-I was most
extensively self associated from 5 to 25°C and gradually dis-
sociated at higher temperatures, results similar to ouré.
Calorimetric studies (Tall et al., 1975) demonstrated that
apo A-I undergoes a conformational change at approximately
5400. The irreversible aggregation above 5OOC observed in
the present work indicates a change in self association prop-
erties, consistent with irreversible or slowly reversible
denaturation above 54°C.

Both Formisano et al. (1978) and Swaney and 0'Brien (1978)
found that the self association bf apo A-I increased as ionic
strength increased, up to an ionic strength of 0.51. These
.results afe consiStent‘with our fihding that ﬁh andﬂﬁyincreaée
with increésing NaCl concentration. Swaney and O ‘Brien (1978)
and Massey et al. (1981) demonstréted dissociation of apo A-I
below 1.0M guanidine HCl. Edelstein et al. (1980) measured
mean residue ellipticity at 3 mg/ml apo A-I and found two
transitions with midpoints at 0.257and 1.08M guanidine HC1,
and found by sedimentation equilibrium that apo A-I was highly
dissociated in 0.4M guanidine HC1l, with n = 1.3 at 1 mg/ml
apo A-I. Gel permeation studies showed that apo A-I was present
as the dimer in 0.4M guanidine HCl and as the monomer in 2.0
or 6.0M guanidine HCl. These effects of guanidine HC1l are
consistent with ours, except the sedimentation equilibrium data
shows n values substantially lower than our results. This dis-
crepancy may reflect several of the physical chemical factors

discussed above.
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D. Self Association of Apo A-II. Since the R, of apo A-II

h
micelles does not reach an asymptote in the concentration

range studied, we cannot propose an exact model as we have done
with apo A-I. The size of the apo A-II monomer can be estimated
from V, the specific volume (0.74 ml/g) (Gwynne, et al., 1975)

assuming a typical hydration § of 0.35 g Hzo/g protein:

(ﬁh)s = [‘ﬂ;? V(1 + -%;)] /3 (29)

where p is the solution density. R, obtained by this method

h
is 19.3 . The minumum value of ﬁh observed in our studies in
dM guanidine HCl was 21.5 8, and about 21 & at higher guanidine
HC1 cdncentration. Therefore, the friction factor f is about
1.1 for apo A-II (Cantor and Schimmel, 1980). For a prolate.
Leliipsoid, this'corfeSbonds to an axial rafio of about 3,‘with
a semi—ﬁajor axis of 72 8, and a semi-minor axis of 22 R. .
Therefore apo A-II is likely to be a smaller version of apo A-I
(axes 150 and 25 R).

Based on sedimentation equilibrium data, there are also
discrepancies in the literature regarding}the self association
of apo A—II. Stone and Reynolds (1975) concluded that apo A-II
was a dimer over all concentrations studied. Vitello and
Scanu's data (1976b) were consistent with a monomer-dimer-
trimer or indefinite association scheme. Teng et al. (1978),
from the same laboratory, concluded that a monomer-dimer-trimer
assoéiation fit the data best, but schemes with tetramers could

not be definitely excluded. They also found that self association
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did not vary with temperature (5 to 3000).“ Swaney and O'Brien
(1978), after crosslinking with diethylsuberimide and SDS-PAGE,
found dimers to be the largest species at concentrations of
2.5 mg/ml apo A-II. 1In Figure 17 we show various literature
estimates for n as a function of concentration. In the concen-
tration range we have studied, literature values suggest that
apo A-II is no larger than a dimer. However, we obtain ﬁh
values consistent with n of 3 to 4, which suggests apo A-II
is more highly aggregated.

Using the same line of reasoning employed for apo A-I, we
can estimate the Rh of an apo A-II trimer or tetramer as 31
or 34 R respectively. The largest value of ﬁh observed was
34 R. We find that there is no variation in ﬁh with increases
in temperature from 10 to 37°C, which is consistent.with.the
findings of Teng et al. (19?8). The discrepancy between our
ﬁh values and literature reports of n may be due to the same
factors affecting apo A-I self association as inferred from

ultracentrifugal results.

E. Interactions of Apo A-I and Bile Salts. The interactions

of apo A-I and bile salts can be interpreted using Model I

of apo A-I self association. Since the mean intensity of scat-
tered light (I) from a solution is proportional to the mole-
cular weight of the species and the weight concentration, we can
employ T to establish the presence or absence of apo A-I/TC

mixed micelles.
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I the intensity of light scattered from a solution

TC’

containing TC and buffer, is proportlonal to CTCMTCN' where CTC

is the weight concentration of TC, MTC is the molecular weight
of TC (538), and N is the aggregation number of TC micelles

(5) (Mazer et al., 1979, Small, 1971). I the intensity

apo A-I'
of light scattered from a solution containing TC and apo A-T,

contains two components: TC micelles and apo A-I/TC mixed

micelles, and can be expressed as the sum:

CocMpeN * Capo a-tMapo a-1™(t * Cp)=I,50 4 r (39

where C is the apo A-I concentration (1 mg/ml), M

apo A-I apo A-I

is the monomer molecular weight (28,200), and Cy is the weight
ratio of bound TC to apo A-I (from Figure 8). We can then
calculate n, the éggregation number of apo A-I in the mixed

micelles:

I ConaMn~N

TC . TCTC

- (31)
apo A-I CTCMTCN * Capo A—IMapo A-Iiﬁ(1 * 037

I

In Table 1 we show n obtained by this equation and the relative
intensity of the light scattered from these solutions. As the
TC concentration approaches the CMC, ITC becomes very small and
the relative error is large. Therefore for TC concentrations
below 6 mM we have calculated n from the measured value of R,
since the contribution of TC micelles to the measured ﬁh is
less than 3% at these TC concentrations. In the theoretical
curve in Figure 14, a single value of n corresponds to each

value of ﬁh' These values of n are also shown in Table 1.
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All values of n are plotted on the vertical axis against TC
concentration on the horizontal axis in Figure 18. Below

1mM, TC has no effect on the n of apo A-I micelles. Above
this concentration n decreases smoothly to approach one, the
apo A-I monomer. Makino (1974) demonstrated deoxycholate (DC)
binding to apo A-I as also shown in Figure 7 (pH 9.2, 0.33M
NaCl). DC, a more hydrophobic bile salt (Armstrong and Carey,
1982) is more strongly associated with apo A-I at any given

bile salt concentration.

F. Pathophysiological correlations. We have shown that in the

absence of other lipids, apo A-I and apo A-II are self assoclated
at physiological serum concentrations (1 and 0.3 mg/ml respec-
tivély).s However, mqst_sepﬁm apo A-I and apo A-II are associated
with membrane lipids (phospholipias,:cﬁolesterol, etc.);
therefore, these hetero-associations must be more facorable
than self association. The knowledge of apoprotein self
association we have gained here is crucial for understanding
HDL lipid-protein interactions in the next phase of our study.

In contrast to proteins such as serum albumin, apo A-I
at serum concentrations binds very little bile salt at concen-
trations substantially below the CMC of the bile salt, in the
physiological range. The preferential binding of serum bile
salts to HDL over other lipoproteins must therefore be due to
other components of HDL. This lipoprotein is organized by
apo A-I and apo A-II, but these apolipoproteins are not the

principle bile salt binders, as was demonstrated by Kramer et
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al. (1979). The major effect of bile salts on serum HDL are
mediated through the effinities of bile salts for phospholipid
and cholesterol within these particles.

In bile, where apo A-I is present at a concentration of
approximately 0.02 mg/ml (2% of serum concentration), and bile
salts are present at 100 to 200mM, apo A-I would not be
associated (see Figure 1). It is interesting to note the
similarities of association patterns of these two physiological
detergents. Both associate first into primary micelles -
bile salts with aggregation numbers of 3 to 4, apo A-I into
dimers. These primary micelles than further associate,
indefinitely for bile salts, and up to octamers for apo A-I.
The driving-force for association_for both is primarily

' hydrophbbiq, with minimal repulsive eléctrostatic forces.

G. Conclusione. In summary, using the non-perturbing technique

of QLS, we have established (1) apo A-I and apo A-II self
associate to form octamers and trimer/tetramers respectively
at concentrations up to 2 mg/ml. (2) This behavior is well
described by a monomer-dimer-octamer self association model
for apo A-I. In this model, the equilibrium constants are
shown to vary with temperature, ionic strength and guanidine
HC1l concentration, and the free energy of association is shown
to be due almost entirely to hydrophobic forces; and (3) Bile
salts have little effect on apo A-I self associateion below
their CMC; 1in contrast, bile salts above the CMC dissociate

apo A-I octamers.
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CHAPTER THREE
FORMATION OF MIXED MICELLES AND VESICLES OF
HUMAN APOLIPOPROTEINS A-I AND A-II, LECITHINS
AND THE BILE SALT TAUROCHOILATE:

AN INVESTIGATION USING QUASIELASTIC LIGHT SCATTERING

I. INTRODUCTION

In man, high density lipoproteins (HDL) play a central
role in cholesterol transport in blood (Tall and Small, 1980).
The unique propertles of this class of llpoprotelns are, 1in
part, determlned by their maJor apolipoproteins, namely '
apolipoprotein A-I (apo A-I) and apolipoprotein A-II (apo A-II).
HDL precursors (nascent HDL) are synthesized in the liver and
intestine and from the surface coat of chylomicrons and ¥Yery low
density lipoproteins during their metabolism in the circulation.
Nascent HDL are phospholipid-cholesterol bilayers encapsulated
by the principal apolipoproteins. These disc shaped mixed

micelles are transformed into spherical (mature) HDL by the
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action of the plasma enzyme lecithin:cholesterol acyl transferase.

This enzyme catalyzes the transfer of a fatty acyl chain from the
sn-2 position of phosphatidylcholine to cholesterol. This
results in the production of a cholesterol ester molecule and

a lysolecithin molecule. Mature HDL appears to act primarily

to transport cholesterol from peripheral tissues to the liver.



Some of the cholesterol is secreted into bile as phospholipid-

cholesterol bilayers solubilized by bile salts (mixed micelles).

Thus apolipoproteins and bile salts perform analogous functions
of solubilizing cholesterol, each predominating in one of the
body's two major cholesterol transport systems, serum lipo-
proteins and biliary lipid micelles, respectively.

Bile salts are present physiologically in low concentra-
tions at the sites of nascent HDL synthsis, in the hepatocyte
and enterocyte as well as in plasma. In fact, mature HDL is
one of the major plasma carriers (in addition to albumin) of
bile salts. Moreover, apo A-I and apo A-II have been shown
to-be present in gallbladder bile (Sewell et al., 1983).
Therefore, we'have extended our previous éﬁudies of the inter;
actions of apo A—I'and”apé'A—II with bilé.salts,fo‘study the
size and thermodynamic properties of mixed micelles and liquid
prystalline vesicles, composed of apo A-I and apo A-II, lecithin
and the bile salt, taurocholate (TC). We have employed the
technique of quasielastic light scattering (QLS) which allows
us to change variables of physiological relevance without
perturbing effects inherent in other techniques (e.g., sedi-
mentation equilibium which produces increased hydrostatic pres-
sure, gel filtration which results in dilution, etc.). We have
systematicaliy derived and studied the phase equilibria of .
apo A-I and apo A-II, lecithin and TC. We have established the
equilibrium phase diagram of apo A-I and apo A-II with the

synthetic lecithin dimyristoyl phosphatidylcholine (DMEC).
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We have also determined that bile salts may be important in the
formation of mixed micelles containing apo A-I and the natural
lecithin, egg yolk phosphatidylcholine (EYPC), with which apo A-I
does not otherwise interact. Moreover, at concentrations
cbmparable to those found in native bile, apo A-I alters the

size and stability of the mixed micelles and vesicles formed

by the model biliary lipid system of TC/EYPC. These results
suggest that these two detergent-like molecules, apo A-I and

bile salts,may act cooperatively to solubilize lipids physio-

logically, particularly in bile.
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IT. EXPERIMENTAL

A. Materials. Taurocholate (TC) and other chemicals were
obtained as described in the previous chapter. Dimyristoyl
phosphatidylcholine (DMPC) (Calbiochem-Behring, LaJolla, CA),

a synthetic lecithin with two 16 carbon acyl chains, and egg
yolk phosphatidylcholine (EYPC) (Lipid Products, South Nutfield,
UK), a natural lecithin with a mixture of acyl chains (average
17.5 carbons), were >99% pure by thin layer chromatography

(200 g sample application, CHClB:MeOH:HZO, 65:30:5, Vviviv).

Apo A-I and apo A-II were prepared and purified as described

in the previous chapter.

B. Methods.

1. Preparation of’Solutioné._ Solutions with various concen-

trations of apo A—i or apo A-II, lecithin, and TC were prepared
by drying appropriate amounts of lipid (lecithin and/or TC)

in CHClB:MeOH (3:1, v:v) first under N2 and then under reduced
pressure (10 mtorf) for 12 hours. After preincubation at the
final incubation temperature, the buffer (0.15M NaCl, 0.01M
Tris, 0.001M NaN3, pH 7.6) with or without apo A-I or apo A-II
was added and vortexed mixed for a total of 2 to 3 minutes.
Samples were sealed with teflon tape and incubated at tempera-
" tures for intervals described below. Final protein and lecithin
concentrations were determined by the method of Lowry et al.
(1951) and by the choline oxidase method (Gurantz et al., 1981)

respectively. When solutions with final lecithin concentrations
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less than 1 mg/ml were prepared, small amounts of lecithin
(<10%) were apparantly surface adsorbed, and the final lecithin
concentrations were slightly lower than expected. Therefore
the compositions reported here are actual compositions deter-
mined by analysis rather than the expected compositions. All
solutions were a single phaée unless otherwise noted.

The phase equilibria of apo A-I or apo A-II and DMPC or
EYPC were studied at various total concentrations of 1lipid plus
protein (0.25, 0.50 and 1.0 mg/ml). A series of solutions
ranging from 0 to 90% lecithin by weight was prepared as above
and incubated for up to 96 hours at 25°C (samples containing
DMPC) or 37°C (samples containing EYPC) (method A). Two other
paths Were also employed‘to reach the same final apo A-I and
DMPC concentrations. In method B, two stock solutions with
0 and 80% DMPC (1 mg/ml total concentration) were mixed in
varying proportions and incubated for 48 hours at 25°C to
give a range of solutions with compositions which varied from
0 to 80%DMPC. In method C, several apo A-I/DMPC solutions
(1 mg/ml) were diluted four fold with aqueous solutions contain-
ing a range of apo A-I concentrations (0 to 0.1 mg/ml) and
incubated at 25°C for up to 72 hours to produce solutions with
final apo A-I and DMPC concentrations as in previous series.
The phase equilibria of apo A-I/DMPC were studied at 3700 by
preparing solutions with 0.25 to 1.0 mg/ml total concentration,
from 0 to 90% DMPC. These solutions were first incubated at

2500 for 48 hours, and then at 37°C for 48 hours. In order to
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examine whether this process was reversible, the samples were
studied after reincubation at 25°C for 48 hours.

Solutions containing apo A-I, EYPC and TC were composed
by three separate paths: (A) EYPC/TC lipid films were incubated
at 37°C for up to 96 hours with aqueous apo A-I solutions
(final 1lipid and protein concentration 1.0 mg/ml, TC/EYPC
weight ratio 1.0); (B) Stock solutions of TC/EYPC (weight
ratios 4.0, 2.3, 1.5, and 1.0, 10 mg/ml total lipid) were
diluted with an aqueous apo A-I solution and incubated for 48
hours at 37°C. Four series of solutions were thus obtéined in
which the total protein and lecithin concentrations were held
constant at 1.0 mg/ml; and (C) A stock solution of TC/EYPC
(weight ratio uﬁo, 10 mg/ml) was diluted with aqueoﬁs solutions
© of &arying apo A-I concentrétiqns (0 to 0.5 mg/ml). Within
each serieé the TC/EYPC ratio and the final apo A-I concentra-
tion were held constant, and the total lipid concentration

varied from 0.5 to 4.5 mg/ml.

2. Quasielastic Light Scattering. Equipment, sample clarifi-

cation, and measurements of ﬁh were identical to those described
in the previous chapter. In order to determine whether equili-
brium of protein/lipid solutions had occurred, ﬁh was measured
at intervals up to 96 hours. If ﬁh was unchanged over a 24

hour interval, we assumed that micellar solutions had reached
equilibrium, and that vesicular solutions were in a metastable

state.
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3. Chemical Analysis of Phases. Both phases of a two phase

solution (total composition 90% DMPC, 10% apo A-I, 1 mg/ml
total concentration) were separately analyzed. Centrifugation
(10,000 g, 30 minutes) yielded a pellet and a clear supernatant
phase. The measured ﬁh of the supernatant did not change upon
further centrifugation for up to 2 hours. The pellet was
dissolved in 5% TC, and protein and lecithin concentrations

were determined as described above.
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ITI. RESULTS

A. ThermCdynamic Bgquilibration of Mixed Micelles and Vesicles.

The solution state of lecithin in apo A-I/lecithin or apo A-II/
lecithin solutions greatly influenced thé time required to
reach equilibrium. Solutions prepared with DMPC by any of the
methods described above were found to have the same final ﬁh
values, although the time required to reach equilibrium varied
from 24 to 72 hours. The measured ﬁh of apo A-I/DMPC or apo
A-II/DMPC solutions prepared by addition of agqueous épolipo-
protein to dry DMPC (method A) reached a stable value after
48 hours. When two apo A-I/DMPC micellar solutions (0 and 80%
DMPC, 1 mg/ml total concentration) wefe mixed (method B), after
24 hours ﬁh reached stable values, and these were identical to
thése obtained by method A. :When apo A-I/DMPC SOiufioﬁs -
(68 and 80% DMPC) were diluted from 1.0 to 0.25 mg/ml (method
c), ﬁh did not reach a stable value until 72 hours. Table 1
shows ﬁh values of mixed micellar solutions obtained by method C,
and estimates of ﬁh'values for the same solutions produced by
method A. There is excellent agreement between the two methods.
In contrast, the measured ﬁh of apo A-I/EYPC/TC solutions
depended critically on the method of preparing the solutions.
When an aqueous apo A-I solution was mixed with dried EYPC/TC
containing TC concentrations below the CMC (method A), the
solutions remained turbid. The ﬁh values of the supernatant
phase ranged from 200 to 1000 R. Therefore apo A-I was:unable
to form mixed micelles with EYPC/TC vesicles. Solutions of

identical composition were also prepared bymixing appropriate
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amounts of a micellar EYPC/TC solution (ﬁh = 30 R) with an
aqueous apo A-I solution (ﬁh = 67 B) (method B). These
solutions remained optically clear, with ﬁh values less than
200 8. These mixed micellar solutions reached fixed ﬁh values"’
after 24 hours; in contrast, ﬁh values of vesicular solutions

made by method A changed slowly over several days of observation..

B. Apo A-I/DMPC Phase Equilibria. Figure 1 shows the phase

diagram of apo A-I/DMPC at three total lipid plus protein
concentration (0.25, 0.50 and 1.0 mg/ml) plotted as ﬁh on the
vertical axis and the weight % DMPC on the horizontal axis.

At low DMPC confentsA(up to about 50% DMPC), ﬁh remains rela-
tively constant af the size of simple apo A-I micelles (data
éoints éf 0% DMPC) . bThese simple micelles increaée-in'size

as apo A-I concentration is increased. A similar increase in

.Eh with apo A-I plus DMPC concentration occurs for all'solutions‘
below 50% DMPC. We will later propose a model describing the
coexistence of simple apo A-I micelles and mixed apo A-I/DMPC
micelles in this fegion of the phase diagram.‘ At higher DMPC
contents (>50% DMPC), ﬁh increases and diverges. This divergence
leads to a macroscopic phase limit (shown at the bottom of
Figure 1) above which solutions became visible cloudy. Beyond
this phase limit, ﬁh continues to increase, reaching values bf
several hundred . 1In our model, we will propose that only
mixed micelles are present in this divergence region, and liquid

crystalline vesicles are present beyond the phase limit. When
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Figure 1. Dependence of R, of apo A-I/DMPC micelles on

% QUEC at various total so&ute concentrations (0.15M NaCl,
25C): ® 1.0 mg/ml; 8 0.5 mg/ml; & 0.25 mg/ml. The
macroscopic phase limits are also shown.



the total solute concentration is decreased within the mixed
micellar region, ﬁh increases and diverges, and a liquid
crystalline phase appears at lower PMPC contents. Chemical
analysis of this precipitant phase (present above 80% DMPC)
showed that it contained 88% DMPC, and 12% apo A-I.

Figure 2 shows the ﬁh values as a function of % DMPC
(from 60 to 80%) for three total apo A-I and DMPC concentrations
(0.25, 0.50, and 1.0 mg/ml) at two temperatures (25 and 37°C).
Below 60% DMPC (l mg/ml apo A-I plus DMPC concentration) ﬁh
was not dependent on temperature (data not shown). Above 60%
DMPC, ﬁh increased as temperature increased from 25 to 37°C,
and diverged at a lower DMPC contents.

The possibility that simple and mixed micelles coexisted
from’b.to 50% DMPC ‘was examined by measuring ﬁh under conditions
where simple apo A-I micelles becaﬁe dissociated, whereas
mixed micelles remained largely unaffected. To this end
guanidine HC1l, a well known disruptor of hydrophobic forces
was employed. As previously demohstrated (Chapter 2) 2M
guanidine HC1l dissociated épo A-I micelles from ﬁh of 65 R
to ﬁh of 32 8 (1 mg/ml). To investigate the effect of guanidine
HC1l on apo A-I/DMPC mixed micelles, apo A-I and DMPC were
allowed to interact in the presence of 2M guanidine HC1l
(25°C, 1 mg/ml apo A-I plus DMPC concentration, 48 hours

incubation). The variation of R, with % DMPC in O and 2M

h .
guanidine HC1l is shown in Figure 3. At 0 % DMPC, ﬁh is only
328 in 2M guanidine HC1l, reflecting dissociation of simple

apo A-I micelles (ﬁh = 65 ). As the relative % DMPC increases

oL
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Figure 2. Dependence of R, of apo A-I/DMPC micelles on DMPC
content (0.15M NaCl): a.03 1.0 mg/ml; b.MOJ0.5 mg/ml;
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% .- guanidine HC1l (@) (25°C, 1 mg/ml total solute concentration.
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from 20 to 50 %,nﬁh increases to a plateau of approximately
48 R, and with higher % DMPC increases markedly to 80 R at

76% DMPC. Between 60 and 76% DMPC, the variation of R, with

h
relative DMPC content is approximately the same in the presence

or absence of guanidine HC1.

C. Phase Equilibria of Apo A-I/EYPC. As appreciated in other

studies, aqueous solutions of apo A-I did not interact with
EYPC to form mixed micelles at incubation times up to 96 hours
(method A). We therefore attempted to reach equilibrium by
employing an alternative path. Preformed EYPC/TC mixed micelles
at constant EYPC/TC ratio were prepared with varying % EYPC
(defined as {EYPC}/{EYPC} + {apo A-I}) with total apo A-I

plus EYPC ' held cbﬁstgnt,(method B). By comparing solutions
with the same % EYPC but different TC concentrations, we
extrapolated to zefo TC concentration to obtain the phase
diagram of apo A-I/EYPC. Figure 4 shows the phase diagram from
0 to 100% EYPC of apo A-I/EYPC/TC solutions at a constant
protein plus lecithin concentration (1 mg/ml). Data at 4
different EYPC/TC ratios are shown (initial weight ratios

h.0, 2.3, 1.5, and 1.0). The final TC concentration is below
the CMC for all data points shown except four data points which
are enclosed by the dotted line. The dependence of ﬁh'on

% EYPC is similar to that observed with apo A-I/DMPC (shown

in Figure 1). However, in solutions with TC concentrations
below the CMC, ﬁh values are smaller fhan values observed in

solutions with similar % EYPC and TC concentrdations below the
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Figure 4. Dependence of R, of apo A—I/@YPC/TC micelles
on % EYPC at various TC/EYBC ratios (37 C, apo A-I plus
EYPC concentration 1 mg/ml): O TC/EYPC = 1.0;

O TC/EYPC = 1.5; A TC/EYPC =

= 2.3; ¥V TC/EYPC = L4.0.
The final TC concentration of the four indicated points

is above .the CMC of TC.




CMC. Above the CMC of TC, R, does not diverge as the % EYPC

h
increases, but actually decreases.

Figure 5 shows the dependence of ﬁh on % EYPC for two
total protein and lecithin concentrations (0.25 and 1.0 mg/ml)
at a EYPC/TC ratio of 1.0 (below the CMC of TC, method B).

At the lower total solute concentration, ﬁh diverged at a
lower % EYPC. Similar behavior was also observed in the apo
A-I/DMPC phase diagram (Figure 1).

To test the hypothesis that submicellar concentrations
of bile salts might catalyze the formation of apo A-I/EYPC
mixed micelles, solutions were prepared by adding aqueous
apo A-T to dried EYPC/TC (method A). Final concentrations
wefe identical to the series with EYPC/TC weight ratio of 1.0
in FigureAu." All solutions femainéd-turbid after 96 hoﬁrs,
and ﬁh of the supernatant phase was in the range 200 to 500 8,

suggesting the presence of vesicles (data not plotted).

D. Micelle to Vesicle Transition. The phase limit of bile

99

salt/lecithin solutions is concentration dependent (Mazer et al.,

1980) . Therefore, as a mixed micellar solution is diluted, the

phase limit is exceeded and the mixed micelles are transformed

into unilamellar vesicles (Mazer and Carey, 1983, Schurtenberger

et al., 1983). This is demonstrated in Figure 6a, where ﬁh
is plotted as a function of the total lipid concentration
(top axis) as a EYPC/TC solution (weight ratio 2.7, total

concentration 4.5 mg/ml) is diluted. On the lower axis, the
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Figure 5. Dependence of ﬁh of apo A-I/EYPC/TC micelles
on % EYPC at vagious total apo A-I plus EYPC concentrations
(0.15M NaCl, 37 C): © 1.0 mg/ml; O 0.25 mg/ml.




MICELLE TO VESICLE TRANSITION OF TC/EYPC
EFFECTS OF TC AND APOA-I IN DILUENT
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Figure 6(a-f). Effect of TC or apo A-I in the diluent buffer

on the micelle to vesicle transition of TC/EYPC (igitial_weight
ratio 2.4, 4.5 mg/ml total lipid concentration, 37 C). R, values
are shown at times: O 30 minutes; OO 24 hours; & 48 hours.

a. Diluent buffer contains no TC or apo A-I, or 2.4 mg/ml TC
as indicated.
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Figure 6b. Diluent contains 0.001 mg/ml apo A-I.
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Figure 6c: Diluent contains 0.01 mg/ml apo A-I.
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Figure 6d. Diluent contains 0.05 mg/ml apo A-I.
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Figure 6e. Diluent contains 0.10 mg/ml apo A-I.
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factor by which the initial solution was diluted is also
indicated. As the total 1lipid concentration decreases, ﬁh
increases up to the phase limit, at a dilution factor of
approximately 2.0. Beyond this point, ﬁh gradually decreases
and approaches an asymptotic value of approximately 120 R.
The temporal evolution (at 30 minutes, 24 and 48 hours) of
the micelle to vesicle transition is also shown in Figure 6a.
Beyond the phase limit achieved by dilution, ﬁh continues to
increase from 30 minutes up to 48 hours to values consistent
with vesicles.

This micelle to vesicle transition has been shown to be
prevented by the presence of an appropriate intermicellar
concentration (IMC) of TC in the diluent buffer (Mazer et al.,
1980). 'Figure’éa also shoWs:that ﬁh values remain Qonétant
(45 R) when the initial solution is diluted with buffer
containing 2.4 mg/ml TC (30 minutes, 24 and 48 hours).

To determine if dilute apo A-I concentrations had similar
effects, we studied the micelle to vesicle transition in the
presence of apo A-I. Figures 6b-f show the dependence of ﬁh
on the total lipid concentration as an identical EYPC/TC
solution (weight ratio 2.7, total concentration 4.5 mg/ml)
is diluted with buffer containing various apo A-I concentra-
tions (final concentrations 0.001, 0.01, 0.05, 0.10, and 0.50
mg/ml) . As the apo A-I concentration increases, the divergence
of ﬁh is shifted to the right, to lower total lipid concen-

trations, i.e., the EYPC/TC micellar phase was expanded by
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apo A-I. At 0.50 mg/ml apo A-I, the sharp increase in ﬁh
is entirely abolished and ﬁh does not increase appreciably
over the range of total lipid concentrations studied. At
final apo A-I concentrations of 0.001 and 0.0i (Figures 6b and
6c), ﬁh of the limiting vesicles increased from 120 & +to
values of 150 and 190 R, respectively. At 0.05 and 0.10
mg/ml apo A-I (Figures 6d and 6e), ﬁh at the lowest lipid
concentrations decreased to 60 to 70 K, values consistent
with mixed micelles.

The temporal evolution of the micelle to vesicle trans-
ition is also altered in the presence of apo A-I. At the
lowest apo A-I concentrations (0.001 and O;Ol mg/ml), (Figures
6b and 6c), ﬁh increased at 30 minutes, and slowly increased
fuffherxup to 48 houfs. In coﬂtrést, at apo A-I concéﬁtfationéb 
of 0.05 and 0.10 mg/ml, ﬁh'of some dilute solutions increased
minimally to sizes consistent with mixed micelles (approximately
100 ﬂ) at 30 minutes. Over the next 24 to 48 hours, ﬁh
increased to values of several hundred R, values consistent
with vesicles (Figures 6d and 6e).

The effect of various low apo A-I concentrations on
vesicle size was studied by measuring Eh of vesicles formed
by diluting a EYPC/TC solution (2.7 weight ratio, 10 mg/ml
total 1lipid concentration) to a final concentration of 0.5
mg/ml with various apo A-I concentrations (method C). Figure

7 shows R, of EYPC/TC/apo A-I vesicles on the vertical axis

h
as a semilogarithmic function of final apo A-I concentration on
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Figure 7. Dependence of R, of TC/EYPC/apo A-I vesicles on
apo A-I concentration (TC/EYPC We%ght ratio 2.7, total
lipid concentration 0.5 mg/ml, 37°C.)
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the horizontal axis. ﬁh of these vesicles was approximately
120 & in the presence of up to 0.0005 mg/ml apo A-I. Above
this concentration, ﬁh increased linearly with log {apo A-I}

up to 0.01 mg/ml.

E. Apo A-II/DMPC Phase Equilibria. Figure 8 demonstrates

the dependence of ﬁh on % DMPC for apo A-II/DMPC solutions

at two total solute concentrations (0.5 and 1.0 mg/ml). The
general characteristics of the dependence of ﬁh on % DMPC

are the same as for apo A-I/DMPC: at low DMPC/apo A-I ratios,
Eh increases slowly, and then more rapidly as the % DMPC
increases and the phase limit is approached. However, the
micellar phase limit fér apo A-IT is consistently observed
“at a iower’DMPC content fhan the micellar phase iimit 6fu

| apo A-I/DMPC (65% vs. 80%, respectively, at 1 mg/ml). At
lower total solute cohoentrations, ﬁh diverges at a lower

DMPC content, similar to the trend observed with apo A-I/
DMPC .
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Figure 8. Dependence of R, of apo A-II/DMPC micelles on
% DNPC at various total soute concentrations (0.15M NaCl,
25°C): @ 1.0 mg/ml; @ 0.5 mg/ml. The macroscopic phase
limits are also shown.
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IV. DISCUSSION
A. Phase Equilibria of Apo A-I and Apo A-II/Lecithin Systems.

The apo A-I and apo A-II/lecithin phase equilibria- have striking
similarities to the EYPC/TC system. Figure 9 shows the dependence
ofﬁﬁh on % EYPC at several total lipid concentrations (taken
from Mazer et al., 1980). As the % EYPC increases, ﬁh sharply
increases as the phase limit is approached. At lower total
lipid concentration, the phase limit is shifted to lower
% EYPC. This behavior is consistent with three zones: at low
lecithin contents, simple bile salt micelles coexist with
lecithin/bile salt mixed micelles. At higher lecithin contents,
the lecithin/bile salt mixed micelles are composed of a disc-
shaped leciﬁhih bilayervalso containing bile salts, surrounded
by a périméteryof'bile salts. Béeyond the'phase>limit, liquid
crystalline vesicles are present.‘ At all points in the phaée
diagram, a population of bile salt moﬁomers exists in equil-
ibrium with micelles or vesicles. This monomef concentration,
called the intermicellar concentration (IMC), varies with the
lecithin/bile salt ratio of the mixed micelles (Mazer et al.,
1980) .

Analogous trends occur in the apo A-I/DMPC phase diagram
(see Figure 1). At 1 mg/ml total concentration, ﬁh gradually
decreases from 65 & at 0% DMPC to 57 & at 50% DMPC. The larger
simple micelles present at 0% DMPC dissociate as the lecithin.
content increases, and the observed ﬁh reflects the average

of two populations: simple apo A-I micelles, and apo A-I/DMPC
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Figure 9. The dependence of R, of TC/EYPC micelles on % EYPC
at various total lipid concentrations (0.15M NaCl, 20°C):
O 100 mg/ml; T3 25 mg/ml; A 12.5 mg/ml. The arrows at
the top incidate the species present at 100 mg/ml total
lipid concentration. (Tsken from Mazer et al., 1980.)
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mixed micelles. Since ﬁh is heavily weighted toward higher
molecular weight species, from O to 20% DMPC, §h does not
change, only reflecting the larger apo A-I simple micelles. At
0.25 mg/ml, ﬁh
concentration, the sizes of the simple apo A-I.and the mixed

remains about 50 & up to 50% DMPC. At this

micelles are approximately equal. Therefore, by analogy with
the TC/EYPC system, our data suggest that there is a zone
between 0 and 50% DMPC whére apo A-I monomers, simple apo A-I
micelles, and mixed apo A-I/DMPC micelles coexist. Above 50%
DMPC, the size of the micelles increases with increasing DMPC
content. In this region, mixed micelles coexist with apo A-I/
DMPC micelles, and ﬁh i1s determined by the lecithin/protein
ratio Within the micelle. Beyond the phase limit, apo A-I
ﬁonomers and a liquid crystaliing vesiclg phasé coexist.

Our resﬁlts clearly indicate ﬁhat the coexistence of
apo A-I and apo A-I/DMPC mixed micelles is an equilibrium
phenomenom. On the basis of ultracentrifugal density gradient
analysis of solutions of various apo A-I/DMPC ratios, three
similar zones of composition were proposed by Tall et al. (1977).
They conclude that up to 30% DMPC, free apo A-I is present in
equilibrium with mixed micelles, and above 80% DMPC, vesicies
are present. However, upon reanalysis of the experimental
data presented by these authors, we find that their results
suggest the presence of free apo A-I up to 54% DMPC, a value
consistent with our estimate of the limit of the coexistence

zone between simple apo A-I and apo A-I/DMPC mixed micelles.
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Other investigators (Jonas et al., 1980, Swaney, 1980)
observed the presence of free apo A-I after gel filtration
isolation of apo A-I/DMPC complexes with up to 70% DMPC.

The behavior of the apo A—I/DMPC phase diagram in the
presence of guanidine HC1l is also consistent with these three
zones. Up to about 50% DMPC, ﬁh is decreased in 2M guanidine

HC1l, and above 50% DMPC, R, is essentially unchanged in the

h
presence of 2M guanidine HCl. At low DMPC contents, therefore,
ﬁh reflects the dissociated simple apo A—i micelles, and this
effect is precisely what we would expect 1f guanidine HClao .
affects only the aggregation of apo A-I to form simple but not
mixed micelles. From 20 to»50% DMPC, simple micelles coexist
with the minumum mixed micelle of ﬁh = 48 R. Since the simple
micelles are of mich iower‘molecular weight, tﬁé'é§erage Ry
overwhelmingly reflects the ﬁh of the mixed micelles (see the
definition of ﬁh in Chapter 2). Above 50% DMPC, the ﬁh of the
mixed micelles reflects only the lipid/protein ratio within
the micelle, and is largely unaffected by the dissociative
effect of guanidine HC1.

These results are consistent with the gel filtration
studies of Massey et al., (1981) who found that apo A-I/DMFC
"mixed micelles in the presence of guanidine HC1l were the same
size and chemical composition as those formed in the absencé
of guanidine HC1.

ﬁh of apo A-I/DMPC mixed micelles depends not only on

the % DMPC, but also on the total solute concentration (see

Figure 1). By analogy to the bile salt/lecithin sjstem, this
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implies that there is a monomeric concentration of apo A-I

in equilibrium with apo A-I/DMPC mixed micelles. Therefore
the total apo A-I concentration is the sum of the monomeric
concentration, the IMC and the amount of apo A-I in the mixed

micelle:

_ _ apo A-T
{apo A-I} = IMC + {DMPC} x ( STEG ) (1)

where (apo A-I/DMPC) is the ratio of apo A-I to DMPC within
the mixed micelles, and {apo A-I} and {DMPC} are the absolute
concentrations of apo A-I and DMPC respectively. If we make
the reasonable assumption that the ratio of (apo A-I/DMPC) is
the same for all mixed micelles Qf a given size, then {apo A-I}
should be a'linear function of { DMPC} . Figure 10 Shows the
dependence of apolipoprOteiﬁ concentration on lecithin cohcen—
tration for several siées of mixed micelles. This dependence
is linear, and estimates of the approximate values of the IMC
can be derived. These extrapolated values on the vertical
axis are shown in Table 2.. The IMC of apolipoprotein in
equilibrium with mixed micelles decreases as the ﬁh values
increase. The IMC of apo A-I/DMPC mixed micelles decreases

as temperature increases from 25 to 37°C. Therefore the

shift in the divergence of ﬁh to lower DMPC contents is
attribufable to an increase in the monomer concentration of
apo A-I. As we showed previously, apo A-I is predominantly
in the form of monomers and dimers at the IMC concentrations

estimated.
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TABLE 2
IMC VALUES OF APOLIPOPROTEIN/LECITHIN MIXED MICELLES

Components T Rh IMC
(0]
(°c) (R) (mg/ml)
Apo A-I/DMPC 25 60 0.05
100 0.04
150 0.03
37 100 0.05
150 0.045s
Apo A-I/EYPC 37 100 0.08

Apo A-II/DMPC 25 50 . 0.12
o » , 4 - 80 o 0.10
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If our observations on the concentration dependence of

ﬁh and our values of the IMC are correct, then one should
observe an increase in ﬁh upon dilution of mixed micellar
solutions. In this case, the IMC will decrease below its
equilibrium value, and some of the apo A-I in the mixed micelles
will tend to dissociate to restore the IMC. (Since the

monomer solubility of DMPC is approximately 10'12, dilution
does not significantly decrease the amount of lipid in the
mixed micelles.) The increase in lipid/protein ratio in the
remaining mixed micelles results in an increase in ﬁh' If

the diluent buffer contains apo A-I at the IMC, then there is
no tendency for apo A-I to dissociate from the mixed micelles,
and ﬁh would not change. If the diluent buffer contains |

apo A-I.at a concentration greater than fhe IMC, the excess

apo A-I and the mixed micelles would reach a new equilibrium,
with a lower lipid/protein ratio within the mixed micelles,

and ﬁh would decrease. The additional apo A-I would not only
prevent the increase in ﬁh’ but would effect a decrease in

ﬁh' Dilution with buffer containing apo A-I at a concentration
equivalent to the IMC should result in no change in ﬁh’ as

was found in Figure 6f. In Figure 11, the §h data from Table 1
are plotted against apo A-I concentration in the diluent
buffer. Two apo A-I/DMPC mixed micellar solutions (80% DMPC
with R, = 135 R, and 68% DMPC with Rp = 65 2, both 1 mg/ml)
were diluted fourfold with buffer only and 3 apo A-I concentra-

tions (0.025, 0.050, and 0.10 mg/ml). Both initial and final

ﬁh values are shown (Figure 11). For both solutions ﬁh




DILUTION OF MIXED MICELLAR
- APOA-I/DMPC SOLUTIONS
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Figure 11, Effect of apo A-I in dilution of apo A-I/DMPC mixed micelles.
Initial solutions: 80% DMPC, 1 mg/ml; 68% DMPC, 1 mg/ml.
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increases when the diluent contains only 0.025 mg/ml apo A-I,
and decreases when the diluent contains 0.050 mg/ml apo A-I.
Therefore we can conclude that the IMC is between 0.025 and
0.050 mg/ml, values consistent with our previous estimates
of the IMC. ' In gel filtration studies of native HDL, Pownall
et ai. (1978) estimated the ap6 A-I concentration in equilibrium
with mature HDL to be approximately 0.003 mg/ml, a value an
order of magnitude smaller than our estimate of the IMC in
equilibrium with apo A-I/DMPC mixed micelles. If Pownall's
result is correct, it could imply that binding of apo A-I
to spherical particles with an apolar core such as native
HDL is much stronger than binding to disc shaped mixed micelles.
Two models have been proposed fqr:the structure of apo
A-I/lecithin mixed micelles. :Thé most generally accepted
| model pfoposes that a perimeter of épolipoprotein surrounds
a lecithin bilayer disc (Tall and Small, 1980). The second
proposes that lecithin molecules are intercalated between the
apolipoprotein ohelices forming an oblate ellipsoid. The
first model implies a fixed geometric relationship between the
relative lecithin content of the mixed micelles and their
radius. This hypothesis will be tested with the present data
as follows.
The length of the edge of the disc to be covered with

apolipoprotein can be expressed as

N L = 2rR (2)

apo A-I

where N

Napo A-T is the number of apo A-I molecules in each
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micelle, L is the length of the edge covered per apo A-I,
and R is the radius of the lecithin bilayer. L may vary as
different amounts of apo A-I is present on the edge of the
particle, and the value we derive is an average. The number
of lecithin molecules can be expressed in terms of the disc

radius:

21R? = AN, ‘ (3)

where AL is the area per lecithin molecule, and N. is the

L
number of lecithin molecules in each micelle. The area of
the disc, nRz, must be multiplied by a factor of 2 to account
for both faces of the disc. We can now express the disc
radius in terms of the le01th1n/apollpoprote1n ratio 1n the
mlcelle |

(—2—) (4)

apo A-I

We can calculate the relationship between ﬁh and R using

a formula for hydrodynamic radius of a disc (Mazer, 1978):
= 3 2R T 2 _T1-1
R, = 2R{(1 + (;5)®*% + ZLin ®* L+ (R =92} 2 (5)

where T is the thickness of the disc. For T we chose 508
for the DMPC bilayer and 553 for the EYPC bilayer. The

ratio NL/N is not simply NL/N of the solution;

apo A-I
the amount of apolipoprotein in the mixed micelles is the

apo A-I

total amount in solution less that amount present as monomers

(the IMC determined earlier):



123

N Ci
- - T = IMC (6)
apo A-I apo A-I

N

Table 3 lists values of ﬁh, R, C (the weight

L’ Capo A-T
concentrations of lecithin and apo A-I), IMC and NL/Napo A-T
for several points on the apo A-I/DMPd phase diagram at total
lipid and protein concentrations of 1.0, 0.5 and 0.25 mg/ml
(2500). The dependence : of ﬁh (vertical axis) on NL/Napo A-T
(horizontal axis) is shown in Figure 12a. At R values below
120 ﬁ, there is a linear dependence of R on NL/Napo A-T°
with intercept going through zero. The slope of this line,
determined by least squares analysis of the values with §h
less than 120 R,Ais 1.4, Using a value of 60 B2 for Ap
we estimate ‘that L is 84 R. Above 120 R,'there is a systematic
deviation of R: for any value of NL/Napo A-T’ R is greater
than is predicted by this model. This implies that at large
R, not as much apo A-I is available to cover the lecithin
bilayer. |

Tall et al. (1977) demonstrated that the diameter of
apo HDL/DMPC rouleaux (measured by electron microscopy) depended
linearly on the lipid/protein ratio over the range 33 to 63%
DMPC. From their results we calculate a value of L = 90 R.
Nichols et al. (1983) also employed electron microscopy to
measure the mean diameter of apo A-I/EYPC particles. Over

the range 73 to 84% EYPC there was a linear relationship

between the diameter of these particles and the lipid/protein
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TESTS OF APOPROTEIN /DMPC
MIXED MICELLE MODELS
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Figure 12. Tests of models for apo A-I and apo A-II/

lecithin mixed micelles at total solute concentrations
®0 1.0 ng/ml; WM0.5mg/ml; & 0.25 mg/ml. Closed

symbols denote apo A-I/DMPC; open symbols, apo A-II/DMPC.



ratio. From their data we calculate a value of L = 81 %.

In view of the apbroximations in measuring particle size

by negative staining electron microscopy, it is remarkable

that both these values agree well with our value of L = 84 R.
We now modify this model to include the possibility that

some of the apo A-I is solubilized in the lipid bilayer and

is unavailable to cover the edges of the disc. We will

demonstrate that this modification improves the fit of our

experimental data to theory at ﬁh values abéve 120 . An

entire apo A-I molecule or 'tails' of several molecules could
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be solubilized in the 1lipid bilayer. This model is conceptually

similar to that proposed for bile salt/EYPC mixed micelles
by Mazer et al. (1980). By assuming that the amount of apo A
solubilized is proportional to the ambuht of‘lipid:bilayer
present, a quantity & can be defined as the valﬁe of N
within the lipid bilayer. Equation 1 must bé modified to

account for the amount of apo A-I not present on the edge:

(Napo A-T -(xNL) L = 27 (7)

As a first approximation, we shall assume that the area the
apo A-I occupies 1s negligible compared to the total area
occupied by lecithin, and equation 2 remains unchanged. R

can now be expressed as a function of NL/N the

apo A-I,
ratio of lecithin to total apo A-I in the mixed micelle:

L N
1 L _
7—%—=_£(__@~_9.§._I‘A__I. -0 ) (8)

-I

apo A—I/NL
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Values of 1/R and N are presented in Table 3, and

apo A-I/NL
the dependence of 1/R (vertical exis) on Napo A-I/NL (horizontal
axis) is shown in Figure 12b. Once again there is a linear

dependence of 1/R on N /NL over the entire range of

apo A-I
R values. The slope is 1.8, yilelding a value of 110 R for L.
The x intercept is 0.0019, corresponding to a value of approxi-
mately 7% by weight apo A-I in the DMPC bilayer. The idea
that a small amount of apo A-I is present in the bilayer is
also supported by our finding that the insoluble phase present
at high DMPC contenté is approximately 12% apo A-I by weight.
Several investigators (Brouillette et al., 1984, Nichols

et al., 1983) have employed gradient gel electrophoresis to

demonstrate that at each lipid/proteih ratio there is a

'distribution of'discrefely sized complexes. Brouillette

hypothesizes that this is due to a different number of ambhi-
pathic helices present on the edge of the lecithin bilayer.
This is consistent with our proposal that a certain amount

of apo A-I is present within the lecithin bilayer since a
variable number of helices could be solubilized within the
lecithin bilayer.

The apsolute size of apo A-I/lecithin recombinants has
been measured by several investigators. Figure 13 shows
literatufe values of ﬁh of apo A-I lecithin mixed micelies
estimated by gel filtration (Swaney, 1980), or that we have
calculated from electron microscopy data (Tall et al., 1977,

Nichols et al., 1983, Jonas et al., 1980). Our values of
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Figure 13. Dependence of R, of apolipoprotein/lecithin mixed
micelles on % lecithin: © ®a

11 et al..(1977); A Nichols et
al.(1983); OO Swaney.(1980); < Matz and Jonas (1982).

Dashed
and solid lines represent values of Rh from the present work
for apo A-I/EYPC and apo A-I/DMPC respectively.
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§h
values of Swaney, who found a particle with 83% DMPC, with

are similar and show the same trends, except for the

2 apo A-I molecules per particle. This implies 400 DMPC
molecules per particle, which would form a disc of radius

62 R, a value inconsistent with Swaney's own value of 38 2
(by gel filtration). All these investigators worked at total
solute concentrations of greater than 1 mg/ml, a regime where
the concentration dependence of §h of mixed micelles is not
significant.

The similarity of the apo A-I/DMPC and apo A-II/DMPC
phase diagraﬁs suggests that our three zone model also holds
for the apo A-II/DMPC phase diagram. The small siie of the
apo A-II simple micelles does nét permit us to distinguish
cleafly Whefe.siﬁpie ahd'mixed micélles coexist. The concen-
tration dependence of ﬁh is similar to that observed in the
apo A-I/DMPC system, and we can estimate the IMC of apo A-IT
in equilibrium with mixed micelles in the same fashion, as
shown in Figure 10d and Table 2. The IMC of apo A-II is
approximately 0.1 mg/ml. This corresponds to twice the
value of the IMC of apo A-I.

The dependence of ﬁh of apo A-II/DMPC mixed micelles on
the lipid/protein ratio was also analyzed using equations
6 and 7. The data is shown in Table 3 and displayed in
Figure 12b. There is a good fit to this model, yielding
estimates of 60 & for L, and 13% apo A-II by weight in the
DMPC bilayer. The % DMPC at which R, diverges is lower for
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apo A-II than for apo A-I. This difference can be attributed
both to the higher IMC of apo A-II, as well as an increase
in apo A-II solubility in the DMPC bilayer.

The size of apo A-II/DMPC complexes has been less well
charactérized. Massey et al. (1980) demonstrated by gel
chromatography that three sizes of apo A-II/DMPC complexes
are formed with 66, 75, and 91% DMPC, but did not estimate

their actual(sizes.

B. Apo A-I/EYPC Interactions. Apo A-I alters the phase limits

of EYPC/TC solutions. As preformed EYPC/TC mixed micelles

'afe diluted, TC dissoclates to maintain the IMC. Since less
TC‘is effectively a&ailable to.solubilize the hydrocarbon
chains of the leéithin,'the EYPC/TC ratio within the‘mixed
micelles falls. Therefore the size of the mixed micelles
increases and ﬁh diverges. However, in thé presence of suf-
ficient concentrations of apo A-I, this increase is diminished
or entirely abolished (see Figures 6b-6f). Apo A-I is capable
of replacing the TC and preserving the mixed micellar structure.
If there is insufficient apo A-I present to form mixed micelles,
vesicles are formed. The presence of very low apo A-I concen-
trations increases the measured ﬁh of these vesicles. The

form of the dependence of ﬁh on apo A-I concentration in

Figure 7 suggests that apo A-I complexes with vesicles in

apo A-I concentrations as low as 0.0005 mg/ml. This concen-
tration is much lower than the values of the IMC (0.08 mg/ml)

estimated for apo A-I/EYPC mixed micelles.
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The equilibrium binding distribution of apo A-I to
preformed unilamellar EYPC vesicles has been studied by
Chung et al. (1979) and Yokayama et al. (1980) by preparative
ultracentrifugation and rapid gel filtration, respectively.
Although their data do not permit direct comparison, the
range of apo A-I concentrations over which we see alterations
in ﬁh is similar to the range over which binding occurs in

thelr studies.

C. Kinetics of the Interaction of Apo A-I and Apo A-II with

Lecithin. Since QLS allow the measurement of the size of
mixed micelles at frequent intervals, we have been able to
shdw that aﬁo A-I/DMPC mixed micelles do not reach equilibrium
for up.to 48 hours. The initial rapid decreasé in'macroscépic
turbidity when apo A-T or apo A-TI interacts with DMPC (Jonas
and Drengler, 1980) does not imply that equilibrium has been
reached, since we observed continuous changes in ﬁh for up

to 48 hours. When equilibrium between monomeric apo A-I and
apo A-I/DMPC mixed micelles is perturbed, the time required

tb reapproach equilibrium depends on the free apo A-I concen-
tration. If the IMC of apo A-I 1s increased above the value
in equilibrium with the mixed micelles, some of the free

apo A-T associates with the mixed micelles, and ﬁh decreases
over a period of several hours. If the IMC of apo A-I is
decreased below the equilibrium value (e.g., by dilution with

buffer) apo A-I must dissociate from the mixed micelles to
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maintain the IMC. However, the resultant increase in ﬁh

takes up to 72 hours. This implies that the activation

energy of dissociation of an apo A-I molecule from the lecithin
hydrocarbon tails must be much higher than the association

of apo A-I molecules with a mixed micelle.

Since the reaction of apo A-I with DMPC when monitored
by turbidity changes, occurs over minutes to several hours
(Jonas and Drengler, 1980, Pownall et al., 1978), investigators
have used incubation periods of 24 hours or less to form apo
A-I/DMPC complexes. In light of our results we believe that
this equilibrium period is insufficient and that at least 48
hours is required. A

The temporal evolution of the micelle to vesicle trans-
~ition is alteredvin the presence of apo A-I. At final values
of % EYPC below 70% (total EYPC plus apo A-I concentration
greater than 0.3 mg/ml), stable mixed micelles are formed
which change only minimally in size over 48 hours. At final
values between 70 and 90% EYPC, after 30 minutes ﬁh increases
slightly to values consistent with mixed micelles (less than
100 R), but after 48 hours ﬁh increases further to 300 to
400 2. Therefore a metastable zone exists beyond the mixed

micellar zone.

D. Pathophysiological Implications. Apolipoprotein/lecithin

disc shaped particles and vesicles have been isolated from

a variety of sources. Figure 14 demonstrates the dependence
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of ﬁh on % lecithin for our model system apo A-I/DMPC and
for various HDL like particles described in the literature
(calculated from electron microscopy data). In Figure 14 we

show data for native HDL, and HDL3 (Scanu et al., 1982);

2
pathological HDL's: Lp-X from cholestatic rat liver (Felker
et al., 1978) and HDL from patients with LCAT deficiency .
(Norum et al., 1971, Forte et al., 1971); nascent HDL's:
from rat intestine (Green et al., 1978), and from chicken
liver Golgi apparatus (Banerjee and Redman, 1983). Despite

~ the presence of other lipids and apolipoproteins, there is

a general trend of increasing size with increases in lecithin
content. Therefore the size of HDL particles appears to be
determined principly by the lecithin/aﬁolipoprotein,ratid
bffthe particle under'physiologicél conditions.

- We have demonstrated that the sizé and stability of
biliary 1lipid vesicles is altered in the presence of apo A-I
concentrations found in bile (Figures 6b-6f). Since the
formation of liquid crystalline ?esicles is hypothesized to
be an initial step in the formation of cholesterol gallstones,
this suggests apo A-I may act as an antinucleating agent. In
contrast to the influence of low apo A-I concentrations on
biliary lipids, serum bile salt concentrations (several
micromolar) (Carey, 1982) have little effect on the equilibrium
interactions between apo A-I and lecithin which occur in
serum.

-Apo A-I is able to replace bile salts in preformed

EYPC/TC mixed micelles. This mechanism implies that bile
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salts or other physiological amphiphiles (e.g., lysolecithin,
apolipoprotein E) may act as cayalysts in the formation of

apo A-I/native lecithin mixed micelles.

F. Summary. In conclusion, (15 we have non-invasively
established the equilibrium phase diagram of apo A-I and

apo A-II with DMPC as functions of concentration and
temperature; (2) we have proposed three zones in the phase
diagram, with apolipoprotein monomers, simple micelles, and
apolipoprotein/lecithin mixed micelles; with apolipoprotein
monomers and apolipoprotein/lecithin mixed micelles; and
with vesicles and apolipoprotein monomers; and have measured
thegsize and equilibrium coﬁcentrations of these species;
and (3) we héve estimated the monomer.concentfaéions of both
apo A-I and apo A-II in equilibrium with mixed micelles and
vesicles, the intermicellar concentration; and (4) we have‘
established that apo A-I is important in determining the
solution state of biliary lipids at physiological gall

bladder concentrations of apo A-I.
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