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Abstract We examined the effects of apolipoprotein E
(apoE) domain structure and polymorphism on the kinet-
ics of solubilization (clearance) of dimyristoyl-phosphati-
dylcholine multilamellar vesicles. This second order reac-
tion consisted of two simultaneous kinetic phases; it also
exhibited saturable kinetics when the apolipoprotein con-
centration was increased at a constant lipid concentration.
Rigid connections between «-helices in the 4-helix bundle
formed by the 22 kDa N-terminal domain of apoE re-
duced the reaction rate. In contrast, the more flexible in-
terhelical connections in apoA-I and the 10 kDa C-ter-
minal domain of apoE promoted rapid solubilization
of dimyristoyl-phosphatidylcholine (DMPC) multilamellar
vesicles (mLV). Full-length apoE-3 reacted at about half
the rate of the C-terminal domain alone. This decrease
occurred because the hinge region probably decreased
the interhelical flexibility of the 10 kDa domain and be-
cause both domains are conformationally restricted when
covalently linked. Furthermore, the mLV surface affini-
ties and reaction rates of the N-terminal domain frag-
ments of the three common apoE isoforms tended to vary
inversely with the stabilities of these fragments.fii These
results confirm the importance of apoE’s structure on the
kinetics of lipid interaction. They suggest that flexibility
in an apolipoprotein molecule increases the time-aver-
aged exposure of hydrophobic surface area, thereby in-
creasing the rate of phospholipid solubilization.—Segall,
M. L., P. Dhanasekaran, F. Baldwin, G. M. Anantharamaiah,
K. H. Weisgraber, M. C. Phillips, and S. Lund-Katz. Influ-
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Apolipoprotein E (apoE) is a constituent of several
plasma lipoproteins and plays a key role in the metabo-
lism of cholesterol and triglyceride. It directs the uptake
of lipoproteins through interaction with cell-surface re-
ceptors of the LDL receptor (LDLR) family (1, 2) and
heparan sulfate proteoglycans (3). In addition, apoE par-
ticipates in neuronal repair in the central nervous system
(CNS) (4). The single polypeptide chain of apoE (299 res-
idues, 34.2 kDa molecular mass) contains two indepen-
dently folded domains that are approximated by two
thrombolytic fragments (residues 1-191 and 216-299),
which are involved in different functions of the protein
(5). The 22 kDa N-terminal fragment contains the LDLR-
binding domain (residues 136-150) and the C-terminal
10 kDa fragment represents the major lipid-binding re-
gion. The lipid binding of apoE is mediated by amphi-
pathic a-helices (6). Polymorphism in apoE arises from
three allele products designated apoE-2, apoE-3, and
apoE-4 and involves point mutations at residues 112 and
158. ApoE-4 contains R at both positions, whereas apoE-3
contains C/R and apoE-2 contains C/C at these sites. The
C/R interchange that distinguishes apoE-3 and apoE-4
has no effect on receptor binding, whereas the C/R sub-
stitution that defines apoE-2 dramatically reduces recep-
tor binding (5). The presence of apoE-2 is the primary de-
fect in type III hyperlipoproteinemia. ApoE-4 is associated
with higher plasma LDL concentrations than apoE-2 or
apoE-3, and apoE-2 and apoE-4 alleles have higher levels

Abbreviations: apo, apolipoprotein; DMPC, dimyristoyl-phosphati-
dylcholine; Gdn HCI, guanidine hydrochloride; ITC, isothermal titra-
tion calorimetry; LUV, large unilamellar vesicles; mLV, multilamellar
vesicles; PC, phosphatidylcholine; PL, phospholipid; POPC, palmitoyl-
oleoylphosphatidylcholine.

' Present address: Department of Chemistry and Biochemistry, Uni-
versity of Delaware, Newark, DE 19716.

2 To whom correspondence should be addressed.

e-mail: katzs@email.chop.edu

Copyright © 2002 by Lipid Research, Inc.
This article is available online at http://www.jlr.org

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

of plasma triglyceride than people homozygous for apoE-3
(7). Additionally, the presence of apoE-4 has emerged as a
major risk factor for Alzheimer’s disease (8).

The crystal structures of the 22 kDa domains of the
apoE-2, apoE-3, and apoE-4 isoforms have been studied
extensively (9-11). The 22 kDa fragments adopt a 4-helix
bundle structure in which the helices are arranged in an
antiparallel manner with their nonpolar faces directed to-
ward the interior of the bundle (9). The C-terminal do-
main of apoE is also predicted to be highly helical. The
hinge region connecting the two domains is predicted to
be random in structure. This region (~ residues 192-215)
is highly susceptible to proteolytic enzymes (5). Studies of
the structural stability of the lipid-free apoE isoforms have
revealed that the N-terminal domain is significantly more
stable than the C-terminal domain. Replacing cysteine res-
idues by arginine results in a cumulative destabilizing ef-
fect on the N-terminal domain 4-helix bundle (12). As
proposed for the 5-helix bundle formed by the insect apo-
lipoprotein apolipophorin III (13), the 4-helix bundle
opens upon lipid association (5, 14, 15) allowing the non-
polar faces to interact with the phosphatidylcholine (PC)
acyl chains.

Interaction of apoE with lipid can exert profound ef-
fects on its biological activity. The receptor-binding activi-
ties of apoE-3 or its 22 kDa fragment in the lipid-free state
are less than one one-thousandth that of LDL, but greater
than that of LDL when these proteins are complexed with
dimyristoylphosphatidylcholine (DMPC) in a discoidal
particle (2). The LDLR-binding region is on helix 4 and
lysine residues in this region exhibit larger changes in
their microenvironments upon lipid association than
those in helices 2 and 3, as measured by changes in pK,
values. The positive electrostatic potential around these
lysines increases and these residues become more ex-
posed to the aqueous phase favoring interaction with the
negatively charged ligand-binding domain of the LDLR
(16).

ApoE can combine with phospholipid (PL) to form
HDL particles. However, the structures formed have only
been characterized to a limited extent (17-21). The
mechanism and kinetics of the reaction of the apoE iso-
forms with phosphatidylcholine (PC) have not been eluci-
dated completely. Although it is known that both domains
of apoLE associate with phospholipids, the kinetic contri-
bution of each domain to the lipid association of the en-
tire molecule has not been identified. In addition, the
possible effects of apoE polymorphism on the kinetics of
phospholipid binding has not been explored. Such infor-
mation is important for understanding the molecular ba-
sis for the movement of apoE between lipid-free and lipid-
associated states in vivo. Although apolipoproteins are
thermodynamically stabilized by interaction with PL,
spontaneous complex formation without the addition of
detergent or sonication is extremely slow with the PL mol-
ecules (e.g., palmitoyl-oleoylphosphatidylcholine) that are
common in physiological systems. Hence, the apoE/PL
reaction appears subject to kinetic control both in vitro
and in vivo. Like other PLs, DMPC reacts most rapidly

with apolipoproteins at its gel to liquid crystal phase tran-
sition temperature (24°C), where lattice defects in the PL
bilayer exist (22, 23). The rate at which DMPC multilamel-
lar vesicles (mLV) are solubilized by apolipoproteins un-
der these conditions is sensitive to protein structure, mo-
lecular mass, and degree of self-association (24, 25).

In the present study, we have used a turbidimetric ki-
netic assay developed previously to compare the interac-
tions of the isoforms of apoE and their N- and C-terminal
structural domains with lipid. The mechanism of PC solu-
bilization by apoE has not been described in detail, nor
have the kinetic contributions from the various structural
features of the molecule. These studies increase the mo-
lecular understanding of how apoE interacts with phos-
pholipid and examines the effects of the physical charac-
teristics of the domains and isoforms of this protein on its
function as a molecule that participates in lipid transport.

EXPERIMENTAL PROCEDURES

Materials

DMPC was purchased from Avanti Polar Lipids (Pelham, AL)
and assayed for purity by thin layer chromatography as described
(16). The following variants and fragments of human apoE were
expressed in Escherichi coli and purified according to methods de-
scribed in detail (12, 16, 26): 34 kDa apoE-2, apoE-3, and apoE-4
(residues 1-299), 22 kDa apoE-2, apoE-3, and apoE-4 (residues
1-191), and 10 kDa apoE (residues 222-299). Twelve kilodaltons
of apoE (residues 192-299) was obtained by thrombin proteoly-
sis of 34 kDa apokE-3 using the following procedure: 34 kDa apoE-3
in either 20 or 100 mM ammonium bicarbonate buffer was incu-
bated with thrombin at a 100:1 (w/w) ratio of apoE to thrombin
at room temperature for 45 min, after which 0.1% (v/v) B-mer-
captoethanol was added to the mixture to stop the reaction. The
12 kDa fragment was separated from the 22 kDa cleavage prod-
uct by passage through a Superdex 75 gel filtration column
(Pharmacia Biotech). The cysteine-crosslinked mutants of 34
kDa apoE-4 and 22 kDa apoE-4 (27) were expressed and purified
by similar procedures. Human apoA-I, which was used as a refer-
ence in each experiment, was isolated from plasma as described
previously (28), and a blocked synthetic amphipathic a-helical
peptide (18A) was prepared by solid-phase synthesis (29). Bacte-
riological media were purchased from Fisher (Pittsburgh, PA).
The prokaryotic expression vector pET32a was obtained from
Novagen (Madison, WI), and the competent E. coli strain BL21
was obtained from Invitrogen (Carlsbad, CA). PCR supplies were
from Qjagen (Chatsworth, CA), and restriction enzymes were
from Promega (Madison, WI). Oligonucleotides were obtained
from IDT (Coraville, IA), and purification kits were from Qi-
agen. All other materials were reagent grade and obtained as de-
scribed (16).

Preparation of apolipoprotein solutions. Two days before use, in
the experiments described below, all protein preparations were
incubated overnight in a solution containing 6 M guanidine hy-
drochloride (Gdn HCI) and 1% (v/v) B-mercaptoethanol to dis-
solve the protein and reduce any inter- and intramolecular disul-
fide bonds. These agents were then removed by extensive dialysis
against clearance buffer (10 mM Tris, 0.01% EDTA, 0.01% so-
dium azide, 8.5% KBr, pH 8.2). After dialysis, all protein solu-
tions were centrifuged at 3,000 rpm (2,060 g) in a Beckman GH-
3.7 rotor at 4°C to remove aggregated protein. Just before use,
0.1 M Gdn HCI was added to the protein solution to minimize
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protein self-association; this concentration of Gdn HCI does not
induce any detectable denaturation of either apoA-I, apoE, or its
fragments (12, 30). For the cysteine-crosslinked mutants of full-
length and 22 kDa apoE-4, we followed the procedures described
before for protein refolding and disulfide bond formation (27).
Briefly, apoE-containing fractions were purified on a Sephacryl
S-300 HR column (Pharmacia Biotech), diluted to <0.01 mg/ml,
and dialyzed extensively against 5 mM NH,HCOs, 0.1% B-mer-
captoethanol to allow refolding of the protein. The B-mercap-
toethanol was removed by extensive dialysis against 5 mM
NH,HCO;3 to permit air oxidation of the protein sulfhydryl
groups. In the case of the full-length mutant, addition of 0.5 M
Gdn HCI to the dialysis buffers substantially decreased the pro-
portion of intermolecularly crosslinked protein in the final prep-
aration. Finally, protein species with free sulfhydryl groups were
separated from the disulfide-linked products by activated
Thiol-6B chromatography (Pharmacia Biotech). Protein concen-
trations were measured by absorbance at 280 nm with the mass
extinction coefficients (ml/(mg-cm) of 1.34, 1.32, 1.30, 1.41,
and 1.23 for 34 kDa apokE, 22 kDa apoE, 10 kDa apoE, 12 kDa
apoE, and apoA-I, respectively.

Preparation of DMPC multilamellar vesicles and large
unilamellar vesicles

DMPC, previously stored in powdered form at —20°C, was dis-
solved in a 2:1 (v/v) chloroform-methanol solution, dried under
nitrogen to form a thin film on the walls of a 13 X 100 mm glass
tube, and incubated overnight in a vacuum oven to remove final
traces of organic solvent. The material in the tube was then re-
suspended in clearance buffer with 0.1 M Gdn HCI and vortexed
vigorously for 1 min. Dilution to 0.5 mg/ml resulted in a turbid
suspension of multilamellar vesicles (mLV) with an absorbance
of ~0.9 at 325 nm. Large unilamellar vesicles (LUV) were pre-
pared by extruding an mLV suspension through a double-
stacked 100 nm filter yielding vesicles with the same approximate
diameter (31). DMPC concentrations were measured using the
Bartlett phosphorus assay (32).

DMPC clearance assay

The solubilization of DMPC mLV by apolipoproteins to form
discoidal HDL-like particles was assayed according to an adapta-
tion of the technique of Pownall et al. (22). Apolipoproteins pre-
pared as described above were added at various concentrations
to 0.5 ml of DMPC mLV at a fixed concentration of 0.5 mg/ml
(7.4 X 10~* M), which had been preincubated at 24 = 0.2°C in a
quartz cuvette within a temperature-controlled holder in a Beck-
man Coulter DU-640 spectrophotometer. Temperatures within
the cuvette during the experiment were maintained constant to
within 0.1°C using a Haake F4 circulating water bath. The cu-
vette contents were mixed within 10 s by repeated aspiration and
release with a pipette tip and vesicle solubilization (clearance)
was monitored as a decrease in absorbance at 325 nm. KBr (8.5%
w/v) was added to prevent sedimentation of DMPC vesicles dur-
ing clearance measurements (22). In the absence of apolipopro-
tein, there was no change in DMPC mLV turbidity in 10 min in-
cubations; some decrease in turbidity occurred over 4 or 16 h,
but the effect was very slow relative to apolipoprotein-induced
clearance and had no effect on the kinetic analysis. It was estab-
lished in control experiments that the 0.1M Gdn HCI added to
reduce any apolipoprotein self-association had no significant ef-
fect on the clearance kinetics. The timecourses for clearance
were fitted by nonlinear regression (Graphpad Prism) to the
biexponential rate equation

Y = Ae Mt + Be ket + C (Eq. 1)

where Y is absorbance at 325 nm, k; and k, are the rate constants
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for the first and second kinetic phases of the clearance, A and B
are the changes in turbidity for each phase (pool sizes), tis time,
and C is remaining turbidity at completion of the reaction. Slight
differences in initial absorbance for each timecourse were cor-
rected by normalizing these values to one and treating all other
readings as fractions of this initial turbidity.

The degree of clearance after the first 10 min of the reaction
was estimated by fitting to a monoexponential decay equation.
This estimate of the initial 10-min reaction velocity was plotted
as a function of the protein concentration according to the
Michaelis-Menten equation

V= (Vyar + [SD/ (K, + [S]) (Eq. 2)

where [S] is the concentration of free protein present in the cu-
vette at the start of the reaction. V,,, and apparent K,, values
were derived in this fashion. Direct determination of initial reac-
tion velocities by fitting early timecourse absorbance readings to
a linear regression yielded a concentration-dependent hyper-
bolic relationship in the cases of apoA-I and some of the apoE
samples. However, applying this analysis to the slow reaction ki-
netics of the apoE N-terminal domain fragments proved difficult
at low protein concentrations. Using monoexponential decay
analysis for 10 min timecourses, however, enabled us to repro-
duceably compare K,, and V,,,, values among apoE domains and
isoforms.

Isothermal titration calorimetry

Enthalpies of reaction between DMPC mLV and apoE were
determined with a Microcal MCS titration calorimeter (Microcal,
Northampton, MA). All solutions were degassed before use. Pro-
tein solutions at a concentration of 0.21 mg/ml were injected
into a suspension of phospholipid vesicles (5.4 mg/ml (8 mM) in
a 1.33 ml cell with a 250 pl syringe.

RESULTS

Mechanism of interaction of apolipoproteins
with DMPC mLV

DMPC mLV clearance by apoA-l fitted optimally to a
biexponential decay equation when measured for 10 min
(Fig. 1). The same was observed for apoA-I and apoE over
4- or 16-hour timecourses (see below). Since biexponen-
tial DMPC clearance kinetics had not been reported or ex-
plained previously, we sought to understand the basis for
it. Using our standard reaction conditions, we examined
an 18 amino acid peptide (18A) that forms a single
a-helix (33) to determine whether the biphasic kinetics
arises from the presence of a-helices with differing affini-
ties for the surface of mLV within a single apolipoprotein
molecule and found that the reaction timecourse of 18A
peptide with DMPC mLV also exhibited two kinetic phases
(the semilog plot in Fig. 1 clearly depicts these two com-
ponents). To determine whether the biphasic kinetics was
due to the presence of multiple bilayers in the mLV or
structural heterogeneity within this ensemble of vesicles,
we assessed DMPC clearance in experiments in which
mLV were replaced with LUV that were homogeneous in
diameter and observed the biphasic kinetics again (Fig.
1). Furthermore, since we had observed two Kkinetic
phases both when the N-terminal domain fragment of
apoE-3 was used in the reaction mixture at a concentra-
tion at which it is monomeric (34), and when apoA-I was
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Fig. 1. Influence of the numbers of bilayers per vesicle and a-heli-
ces per protein molecule on dimyristoyl-phosphatidylcholine
(DMPC) clearance kinetics. Semilog plots of 10 min timecourses
for clearance (at 24.0 = 0.2°C) of DMPC mLV by apoA-I (circles)
and peptide 18A (triangles), and clearance of DMPC large unila-
mellar vesicles (LUV) by apoA-I (vertical lines). Timecourses were
obtained by monitoring the change in absorbance at 325 nm. The
concentration of the protein or peptide samples was 0.1 mg/ml dis-
solved in 10 mM Tris, 0.01% EDTA, 0.01% azide, 8.5% KBr, pH 8.2,
to which 100 mM guanidine hydrochloride (Gdn HCI) had been
added. The DMPC concentration was 0.5 mg/ml in all cases.

used in the presence of 0.44 M Gdn HCIl (data not
shown), we were confident that this feature of the time-
course could not be due to the presence of protein mole-
cules in differing states of self-association. Although we
observed some mLV flotation and flocculation over long
timecourses (and this diminished reproducibility over 16
h), subtraction of this contribution left the two kinetic
phases intact and, in general, had an only marginal effect
on 4-h kinetics. We therefore concluded that solubiliza-
tion of DMPC mLV by apolipoproteins involves two simul-
taneous reactions. Consequently, detailed analysis re-
quired that we investigate the mechanisms underlying this
effect.

We hypothesized that the two kinetic components may
arise from two distinct binding sites on the mLV surface.
Isothermal titration calorimetry (ITC) measurements
were used to obtain enthalpies of binding at 37°C, at
which temperature we observed no solubilization as re-
ported previously (22), to determine whether binding of
apolipoprotein molecules to the mLV surface can occur
independently of solubilization. The enthalpy of apoA-I
interaction with DMPC mLV at 37°C was —13 kcal/mol
apoA-I, which was much lower than that at 25°C (—255
kcal/mol apoA-I) where rapid clearance occurred. The
large enthalpy at 25°C reflects a contribution from the
conversion of DMPC mLV to small discoidal apo/DMPC
complexes. The small enthalpy observed at 37°C is consis-
tent with reports that apolipoprotein interaction with
mLV occurs above the phase transition temperature of a
PL, with the heat of interaction reflecting only the in-
crease in apolipoprotein a-helix content that accompa-

nies binding to lipid (85). In agreement with the idea that
apolipoproteins can bind to PL bilayers in the absence of
surface defects, apoA-I binds in a limited fashion to the
surface of egg PC vesicles at temperatures far from the
gel/liquid crystal phase transition temperature (36). It
follows that the two kinetic phases of DMPC mLV clear-
ance at 24°C may arise, at least in part, from the presence
of two types of binding sites on the mLV surface. Fig. 2 de-
picts a general model to illustrate the molecular events
that may underlie the two kinetic phases that we observed
for DMPC solubilization (see Appendix for more details).

We also observed that DMPC mLV clearance is a second
order reaction. Thus, the rate was proportional to the ini-
tial concentration of mLV when a fixed apolipoprotein
concentration was used (data not shown). Varying the
apolipoprotein concentration at a constant mLV concen-
tration also caused a proportional increase in the reaction
rate (37). A maximal initial reaction velocity was reached
at higher protein concentrations.

Turbidimetric measurements are convenient for moni-
toring the solubilization of mLV (22, 27, 38), although it is
difficult to obtain information about the sizes of the parti-
cles present along the reaction pathway. Light scattering
intensity is inversely proportional to the square of the par-
ticle radius and is also influenced by interference of scat-
tered light in the case of larger particles (39). Hence, the
observed scattering intensity of the reaction mixture at
any point in the DMPC mLV clearance reaction reflects
contributions to these functions from a heterogeneous as-
sortment of particles whose relative concentrations are
changing constantly. Consequently, there is not a linear
relationship between particle size and solution light scat-
tering intensity, which can be a problem when comparing
solubilization reactions with differing pathways. However,
because incubation of DMPC mLV with either apoE,
apoA-I, or 18A peptide under our assay conditions results
in the formation of discoidal HDL-like particles sharing
similar physical characteristics (33, 30, and data not
shown) comparison of the reaction kinetics gives valid in-
formation about relative rates of interaction of these pro-
teins.

Role of apoE structural domains in solubilization reaction

By monitoring clearance Kkinetics over 10-min time-
courses, we detected differences in initial reactivity among
the N-and C-terminal domain fragments of apoE-3, full-
length apoE-3, and apoA-I (Fig. 3A). Extending the time-
courses to 4 h allowed us to compare the rates of DMPC
mLV clearance induced by these proteins for a much
larger fraction of the complete solubilization reaction
(Fig. 3B). Overall, the general order of reactivity among
these proteins was 22 kDa apoE-3 < 12 kDa apoE-3 < full-
length apoE-3 < 10 kDa apoE = apoA-I (40, 37).

The rate of DMPC mLV clearance exhibited a hyper-
bolic dependence on the concentration of apoA-I, and of
both apoE domain fragments. ApoA-I exhibited a maxi-
mal fraction of clearance in 10 min at only 50% of the
concentration required for fulllength apoE-3 (Fig. 4A),
and approximately 15% of that required for 22 kDa apoE-3
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Fig. 2. Molecular model explaining the two simultaneous kinetic phases of DMPC solubilization by apolipoproteins. The solubilization of
DMPC mLV by apolipoprotein molecules involves four stages (as indicated). Completion of the first and second of these stages can each oc-
cur by two simultaneous alternative pathways, one more rapid than the other, whereas stages three and four comprise a common pathway.
Flexible apolipoprotein molecules react more rapidly than inflexible ones. This model is discussed in more detail in the Appendix.

(Fig. 4B). However, the 10 kDa fragment of apoE re-
flected an identical concentration dependence for the
clearance rate to that of apoA-I (Table 1). This is consis-
tent with reports revealing that the C-terminal domain of
apoE has a much higher lipid affinity than the N-terminal
domain (41). Using the observed hyperbolic relationship
and Equation 2, we determined apparent Michaelis con-
stants (K,,) and maximum velocities (V,,,,) for each of the
full-length proteins and domain fragments assayed (Table
1). The K, values derived for apoA-I and full-length apoE
are similar to the dissociation constants reported for inter-
action of these proteins with egg yolk PC/triglyceride
emulsions and DMPC/cholesteryl oleate emulsions (36,
42). For all of the apoE isoforms, the order of apparent
affinity toward DMPC mLV was 22 kDa apoE < 34 kDa
apoE < 10 kDa apoE.

Monitoring the DMPC clearance reaction for 16 h en-
abled us to observe complete clarification in the cases of
most of the proteins or fragments that we assayed (Fig.
5C). However, by shortening the timecourses to 4 h (Fig.
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5A), we could avoid the confounding effects of mLV flota-
tion and flocculation without influencing the differences
in kinetic variables among the various proteins. Plotting 4-h
timecourses on a semilog scale clearly revealed the pres-
ence of two kinetic phases (Fig. 5B). The best fit of these
data to equation (1) yielded a set of kinetic parameters
(Table 2). The pool sizes are extrapolations of the 4-h
data to an equilibrium state representing the final fraction
of initial turbidity remaining for each kinetic phase. The
kinetic parameters in Table 2 were somewhat different
from the total clearances seen in a 16-h timecourse (Fig.
4C), in that the sum of the fast and slow pools was less
than one. However, determination of pool sizes in this
fashion provided a convenient measure of the relative
clearance Kkinetics exhibited by the different proteins.
Clearly, the size of the rapid kinetic pool for apoA-I and
10 kDa apoE was much larger than that of either the 22
kDa apoE isoforms or 12 kDa apoE (a proteolytic frag-
ment of the protein consisting of residues 192-299 (hinge
region and C-terminal domain). Within this latter group
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Fig. 3. Influence of apoE domain structure on DMPC clearance
kinetics. Representative 10 min (A) timecourses for clearance of
DMPC mLV by apoA-I (circles), 22 kDa apoE-3 (black boxes), 34
kDa apoE-3 (white boxes), and 10 kDa apoE (hatch marks), and 4 h
(B) timecourses for clearance of DMPC mLV by apoA-I (short bro-
ken line, bottom), 22 kDa apoE-3 (short-long broken line, top), 34
kDa apoE-3 (solid line), 12 kDa apoE (short-short-long broken line,
middle), and 10 kDa apoE (medium broken line, bottom). Time-
courses were obtained under the conditions specified in Fig. 1 with
protein concentrations of 2.0 * 0.1 wM. Standard error of the
mean limits in A are within 0.05 fraction cleared and represented
by dashed lines on either side of the data points. The timecourses
shown in B, in which datapoints were omitted for clarity, were fitted
to Equation 1 and the kinetic parameters derived are listed in Table
2. Measurements were taken over 60 s intervals for 22 kDa apoE-3,
100 s intervals for 12 kDa and 10 kDa apoE, and 200 s intervals for
full-length apoE-3 and apoA-I.

of proteins, however, the 22 kDa apoE isoforms and 12
kDa apoE all had significantly smaller rapid pools than
the full-length apoE isoforms. The rapid phase rate con-
stants were generally also smaller for the 22 kDa frag-
ments than for the full-length apoE molecules. The rate
constants for apoA-I and the 10 kDa and 12 kDa C-termi-
nal fragments of apoE were the highest (Table 2). Using
Equation 1, we derived reaction fluxes for each kinetic
phase by multiplying the corresponding pool size and rate
constant for each protein. As expected, the rapid phase
flux was highest for apoA-I and 10 kDa apoE, and there
were significant differences between this fragment of

apoE and any of the full-length or 22 kDa isoforms. In ad-
dition, 22 kDa apoE-2 and apoE-4 showed significantly
slower reaction fluxes than the corresponding full-length
proteins. The rapid phase flux of 12 kDa apoE was similar
to that of the full-length apoE isoforms.

Only apoA-I and 10 kDa apoE had slow phase pools that
were smaller than their fast phase pools (Table 2). The 12
kDa apoE fragment exhibited a large slow pool that did
not differ significantly from that of full-length apoE-3 or
any of the 22 kDa isoforms. Full-length apoE-2 and apoE-4
had somewhat smaller slow pools. ApoA-I had the highest
slow phase rate constant (Table 2). The slow phase rate
constants of the full-length apoE isoforms were higher
than those of their respective 22 kDa fragments and lower
than those of the 10 kDa fragments [in the case of apoE-3,
the halftimes (calculated as In2/rate constant * S.E.)
were 210 = 57,64 = 4, and 30 * 5 min for the 22 kDa, 34
kDa, and 10 kDa proteins, respectively]. The slow phase
rate constant for 12 kDa apoE was similar to those of the
full-length isoforms. The slow phase reaction fluxes were
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Fig. 4. Influence of protein concentration on DMPC clearance
kinetics. Fraction of initial DMPC mLV turbidity cleared in 10 min
as a function of the concentration of protein in the reaction mix-
ture. A: ApoA-I (circles) and 34 kDa apoE-3 (squares), and (B) 22
kDa apoE-2 (medium broken lines), 22 kDa apoE-3 (solid line),
and 22 kDa apoE-4 (short broken lines). Data points in B were
omitted for clarity. Timecourses were obtained under the condi-
tions specified in Fig. 1. The data were fitted to Equation 2 (from
which the displayed curves were generated), and the kinetic param-
eters derived are listed in Table 1.
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TABLE 1. Kinetic parameters for initial clearance of DMPC mLV by
apoA-I and apoE isoforms

Protein K, (pM) Vax (Fraction/10 min)
ApoA-1 1.1 £0.1 0.97 = 0.04
10 kDa apoE 1.1 £0.2 0.84 £ 0.03
34 kDa apoE-2 2.6 = 0.4 0.80 = 0.05
22 kDa apoE-2 149 = 6.2 0.86 = 0.18
34 kDa apoE-3 22*+05 0.61 = 0.06
22 kDa apoE-3 6.3 1.1 1.0 £ 0.07
34 kDa apoE-4 44+04 0.92 = 0.04
22 kDa apoE-4 9.1 1.7 0.97 = 0.08

Parameters were generated from fitting 10 min clearance time-
courses as described in Experimental Procedures.
Values are expressed * S.E., n = >28 for all proteins assayed.

higher for all full-length apoE isoforms than for their 22
kDa fragments. The slow phase reaction fluxes of 10 kDa
and 12 kDa apoE were very close to those of full-length
apoE-3 and apoE-4.

Using ITC, we obtained enthalpies of DMPC mLV inter-
action at 25°C (= S.E) of -255 = 3.6, —235 + 19, -116 =
4.1, and - 43 * 6.1 kcal/mol protein for apoA-I, 10 kDa
apoE-3, 34 kDa apoE-3, and 22 kDa apoE-3, respectively.
This ranking of enthalpies correlates with the general or-
der of reactivity toward DMPC mLV revealed in the ki-
netic experiments (Table 2).

The observation that full-length apoE solubilized
DMPC mLV less efficiently than its C-terminal 10 kDa do-
main fragment alone, rather than as a sum of the rates of
its 10 kDa and 22 kDa domain fragments (Fig. 6),
prompted us to do some domain mixing experiments to
examine the reasons for this effect. A mixture of the 10-
and 22-kDa fragments of apoE-3 gave the extent of clear-
ance in 30 min that would be expected for the sum of
both fragments. The same was observed for an equimolar
combination of 12- and 22-kDa apoE fragments, which
also exhibited greater clearance in 30 min than full-length
apoE-3 (Fig. 6B). However, the 12 kDa fragment of apoE
alone, consisting of the 10 kDa C-terminal domain of the
protein covalently attached to the 2 kDa hinge region, re-
acted with DMPC mLV more slowly than the 10 kDa frag-
ment alone (Fig. 6A, Table 2). This suggested that the
hinge region of apoE was at least partially responsible for
the lower reactivity of the C-terminal domain in the full-
length protein as compared with when it is separate as a
10 kDa fragment.

Effect of apoE polymorphism on DMPC
solubilization kinetics

The common apoE polymorphisms influenced DMPC
mLV clearance kinetics. Differences in K,, values were
more pronounced among the 22 kDa apoE isoforms than
among the fulllength apoE isoforms (Table 1). The
higher K, value for 22 kDa apoE-2 indicated that the ap-
parent affinity of this fragment for the mLV surface was
lower than that of the 22 kDa fragments of apoE-3 or
apoE-4, whose K,, values increased in the order apoE-3 <
apoE-4. Full-length apoE-4 exhibited a slightly higher K,
than either full-length apoE-2 or apoE-3, which showed
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Fig. 5. Demonstration of different kinetic phases. Representative
curves for DMPC mLYV clearance by 34 kDa apoE-3 at 2.0 = 0.1 uM
plotted as (A) 4 h timecourse, (B) semilog plot of first 36 min of 4 h
timecourse, and (C) 16 h timecourse. Measurements were made
under the conditions specified in Fig. 1.

similar values. The apparent V,,,, values of the full-length
isoforms ranged from 61% clearance in 10 min (apoE-3),
to 92% (apoE-4). While the apparent V,,, values of the
22 kDa fragments of apoE-2 and apoE-4 were similar to
those of their full-length counterparts, removal of the
C-terminal domain of apoE-3 led to an increase in V,,,,
(Table 1).

The abilities of the 34 kDa and 22 kDa apoE isoforms to
solubilize DMPC mLV are compared in Fig. 7. Examina-
tion of the rate constants for the rapid kinetic phase (Ta-
ble 2) showed very similar values for the three full-length
isoforms; the halftimes ranged from 6.2 = 0.8 min (apoE-3)
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TABLE 2. Kinetic parameters for 4-h clearance timecourses of DMPC mLV by apoA-I and the various domains of apoE isoforms®

Rapid Phase’ Slow Phase’
Rate Constant® Pool Size* Flux? Rate Constant® Pool Size* Flux?

Protein (min~1) (fraction) (1072 fraction/min 1) (X1072min~1) (fraction) (1072 fraction/min’')
ApoA-l 0.31 = 0.03 0.50 = 0.01 15+ 1.6 3.12 = 0.39 0.39 = 0.01 1.23 = 0.16
10 kDa apoE 0.20 = 0.04 0.62 = 0.05 13 + 3.1 2.50 = 0.48 0.31 = 0.04 0.77 £ 0.17
12 kDa apoE 0.32 = 0.09 0.10 = 0.01 25 +0.5 1.07 = 0.04 0.73 + 0.02 0.78 = 0.004
34 kDa apoE-2 0.13 = 0.02 0.32 = 0.05 3.9*+05 1.09 £ 0.13 0.47 + 0.04 0.53 = 0.10
22 kDa apoE-2 0.06 = 0.01 0.08 = 0.03 0.37 £ 0.07 0.43 = 0.12 0.61 = 0.11 0.21 = 0.03
34 kDa apoE-3 0.12 = 0.02 0.18 = 0.01 22+04 1.10 = 0.08 0.68 = 0.03 0.74 = 0.03
22 kDa apoE-3 0.09 = 0.02 0.14 = 0.01 1.1 £0.2 0.44 = 0.09 0.64 = 0.07 0.26 = 0.04
34 kDa apoE-4 0.17 = 0.04 0.27 = 0.05 3.8+04 1.37 = 0.08 0.51 = 0.03 0.72 = 0.09
22 kDa apoE-4 0.16 = 0.08 0.08 = 0.02 0.92 = 0.35 0.57 = 0.10 0.79 = 0.06 0.43 = 0.04
Crosslinked

34 kDa apoE-4 0.13 = 0.03 0.10 = 0.01 1.4 £0.6 0.66 = 0.05 0.48 = 0.04 0.31 = 0.02

“Parameters derived from fitting timecourses such as those in Fig. 3B to equation 1. n = 8 for apoA-I; 4 for 10 kDa apok; 5 for 12 kDa apok; 5
for all 34 kDa isoforms; 5, 6, and 5 for 22 kDa apoE-2, apoE-3, and apoE-4 respectively; and 5 for crosslinked 34 kDa apoE-4.

*The rapid and slow kinetic phases observed by fitting to the biexponential decay equation (1). The goodness of fit statistics (higher R? values,
lower sums of the squares of the deviations) and analysis of the residuals indicated that the clearance timecourses fitted better to equation (1) than

to a monoexponential decay equation.
=+ S.E.

¢ + S.E.; average value of the product (rate constant X pool size) for each timecourse.

to 5.2 = 1.1 min (apoE-4). The same was true for the 22
kDa fragments; the halftimes ranged from 13.0 = 2.7 min
(apoE-2) to 9.4 = 3.2 min (apoE-4). With regard to the
slow phase, full-length apoE-4 showed a higher rate con-
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Fig. 6. Influence of apoE domain interactions on the rate of
clearance of DMPC mLV. Fraction of initial DMPC mLV turbidity
cleared in 30 min, relative to full-length apoE, by (A) 34 kDa, 22
kDa, 12 kDa, and 10 kDa apoE at 2 uM in all cases (from left to
right, respectively); and (B) 2 uM 34 kDa, 2 puM 12 kDa + 2 pM 22
kDa mixed domain fragments, and 2 uM 10 kDa + 2 uM 22 kDa
mixed domain fragments (from left to right, respectively).

stant than apoE-3; the halftimes (* S.E.) were 51 * 3 and
64 * 4 min for apoE-4 and apoE-3, respectively. There
were no significant differences in slow phase rate constant
among the 22 kDa apoE isoforms. In the slow phase of the
clearance reaction, full-length apoE-3 exhibited a signifi-
cantly larger pool size than that of apoE-2 or apoE-4.

As Lu et al. have shown recently (27), preventing the
N-terminal domain 4-helix bundle of apoE-4 from open-
ing by engineering disulfide cross-links between a-helices
abolished DMPC mLV clearance by this molecule (Fig.
8C, inset). When the same N-terminal domain cross-link-
ing was present in full-length apoE-4, the clearance reac-
tion still occurred, but the rate was clearly reduced com-
pared with wild-type apoE-4 (Fig. 8B, C). The crosslinked
mutant exhibited rapid and slow phase rate constants that
were approximately 60% and 45% of the wild-type values.
Furthermore, the cross-linking reduced the size of the
rapid pool by >60%, but did not change the size of the
slow pool (Table 2).

DISCUSSION

In the present study, we sought to investigate the effects
of apolipoprotein structure, especially that of the N- and
C-terminal domains of apoE, on the kinetics of DMPC
mLV solubilization. We examined the common isoforms
of apoE and their domain fragments, apoA-I, and peptide
18A. Among all of the proteins used in this investigation
(with the exception of peptide 18A), apoA-I and 10 kDa
apoF solubilized DMPC mLV the fastest, and the N-termi-
nal domain fragment of apoE the slowest. ApoA-I is be-
lieved to exist as a flexible sequence of 22 and 11 amino
acid a-helices that, like the C-terminal domain fragment
of apok, is relatively susceptible to thermal or chemical
denaturation (43). The N-terminal domain of apoE essen-
tially consists of a stable 4-helix bundle. This contrast
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Fig. 7. Relative rates of DMPC clearance caused by the N-termi-
nal domains and intact apoE isoforms. Representative 4 h DMPC
mLV clearance timecourses for (A) 34 kDa (solid line) and 22 kDa
(broken line) apoE-2, (B) 34 kDa (solid line) and 22 kDa (broken
line) apoE-3, and (C) 34 kDa (solid line) and 22 kDa (broken line)
apoE-4 (all at 2.0 = 0.1 pM protein). Timecourses were obtained
under the conditions specified in Fig. 1, and the kinetic parameters
derived by fitting to Equation 1 are listed in Table 2. Measurements
were taken every 60 s for 22 kDa apoE-2 and apoE-3 and every 200 s
for the full-length isoforms and 22 kDa apoE-4.

demonstrates that helix organization is critical in deter-
mining DMPC mLV clearance kinetics. A sequence of
a-helices in a flexible arrangement with regard to one
another can clearly interact more rapidly with packing
defects in a PL bilayer than a tightly folded structure,
which needs to undergo more potentially rate-limiting
structural rearrangements before insertion. The impor-
tance of the structural reorganization of the 4-helix bun-
dle to the ability of 22 kDa apoE to solubilize lipid was
clearly demonstrated by experiments with a mutant of
the N-terminal domain fragment of apoE-4, in which the
helices were locked together by disulfide bonds; this pro-
tein showed negligible DMPC mLV clearance activity
(Fig. 6C) (27).

1696  Journal of Lipid Research Volume 43, 2002

Reaction mechanism

Clearance of DMPC mLYV by apolipoproteins was a sec-
ond order reaction, indicating a collision-mediated pro-
cess whose rate varied with the concentrations of PC and
protein. By measuring the extent of clearance for the first
10 min of the reaction at increasing protein concentra-
tions while maintaining a constant DMPC concentration,
we observed a hyperbolic relationship that reached an ap-
parently maximal value (Fig. 4), presumably reflecting the
binding of apolipoprotein to a saturable number of sites
on the mLV surface. Since the protein/mLV complex
could either dissociate or undergo a solubilization reac-
tion (provided that a critical number of sites contained
apolipoprotein), this interaction was analogous to the for-
mation of an enzyme/substrate complex. Hence, we de-
rived the K, and V,,,, values listed in Table 1. These values
indicate differences in the apparent surface affinities of
the proteins for DMPC mLV. Over 4 h, the clearance reac-
tion exhibited both rapid and slow components in all
cases with the contribution and rate constant of each com-
ponent varying as a function of protein structure. Over 10
min, however, the rapid phase overwhelmingly dominated
the kinetics. Apolipoprotein molecules with more rigid in-
teractions between a-helices favor a dominant slow reac-
tive pool. They require more conformational reorienta-
tion per molecule than those with less rigid structures
before they can insert most of their a-helices into the bi-
layer defects so as to favor rapid bilayer destabilization.
Pownall et al. previously showed an inverse exponential
relationship between molecular mass and DMPC clear-
ance rate constant among conformationally flexible apoli-
poproteins and amphipathic a-helical peptides (24). In
agreement with this concept, peptide 18A was the most ef-
ficient at DMPC mLV clearance of the apolipoproteins or
peptides used in this study. This single a-helix has by far
the lowest molecular mass (2.2 kDa), and intramolecular
helical interactions are not a factor.

However, the present study indicates that interhelical
associations that reduce flexibility can override this effect
by imposing an additional rate limitation. For example,
the 22 kDa N-terminal apoE domain is slightly lower in
molecular mass than apoA-I (28 kDa) but reacts much less
rapidly at the same concentration.

Structure of apoE domains and solubilization kinetics
Relative to the N-terminal domain, the C-terminal do-
main of apoE, like apoA-l, exhibited a decreased resis-
tance to chemical denaturation (44, 12). As expected, the
C-terminal domain fragment of apoE was more reactive
toward DMPC mLV and exhibited a much larger rapid ki-
netic pool than either full-length apoE or its N-terminal
domain fragment. The rapid kinetic pool accounted for
more than 50% of the total clearance both by apoA-I and
the C-terminal domain fragment of apoE, in contrast to
less than 25% in the case of full-length apoE-3 and its
N-terminal domain fragment. In addition, apoA-I and the
C-terminal domain fragment of apoE exhibited equal K,
values for this reaction, which were lower than those of
full-length or 22 kDa apoE-3 (Table 1). Since mLV surface
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Fig. 8. Influence of apoE polymorphism on DMPC clearance kinetics. Representative 4 h DMPC mLV
clearance timecourses for (A) 22 kDa apoE-2 (medium broken line), 22 kDa apoE-3 (solid line), and 22 kDa
apoE-4 (small broken line), (B) 34 kDa apoE-2 (medium broken line), 34 kDa apoE-3 (solid line), and 34
kDa apoE-4 (small broken line), and (C) 22 kDa cysteine-crosslinked apoE-4 (broken line) (inset) and 34
kDa cysteine-crosslinked apoE-4 (solid line). The concentration of all proteins in the reaction mixture was
2.1 = 0.1 uM. Timecourses were obtained under the conditions specified in Figure 1. Measurements were
taken at 60 s intervals for 22 kDa apoE-2 and apoE-3 and at 200 s intervals for all other curves in the figure.

affinities, as approximated by these K, values, reflected a
dependence on protein structure which was similar to that
of rate constant and kinetic pool size, less rigid apolipo-
protein molecules seem to have a higher affinity for the
PL bilayer because more of the nonpolar surface of their
amphipathic a-helices is exposed and available for inter-
action with lipid.

Domain interaction and the hinge region

Although full-length apoE contains both the N- and
C-terminal domains of the protein, its ability to solubilize
DMPC mLV was unexpectedly less than that of the 10 kDa
C-terminal domain fragment alone at the same molarity
(Figs. 3 and 6). This suggests that rather than comple-
menting the mLV clearance ability of the C-terminal do-
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main, the covalently linked remainder of the protein pro-
duced an inhibitory effect. The hinge region had a major
effect on the C-terminal domain. Addition of this 30-resi-
due linker to 10 kDa apoE to produce 12 kDa apoE re-
sulted in a >50% decrease in the extent of DMPC clear-
ance in 30 min (Fig. 6). Similar to full-length or 22 kDa
apoE and unlike the 10 kDa fragment of the protein, the
slow kinetic pool was dominant in the DMPC clearance re-
action of 12 kDa apoE (Table 2). Using the proposed in-
terpretation for the two kinetic phases of the reaction, this
finding suggests that the hinge region of apoE decreases
the interhelical flexibility of the a-helices in the C-termi-
nal domain of the protein, resulting in a molecule that be-
haves more like 22 kDa apoE than apoA-L.

Comparison of the DMPC clearance kinetics of full-
length apoE-3 with the rate of clearance seen with an
equimolar mixture of 22 kDa apoE-3 and 12 kDa apoE
(Fig. 6B) indicated that contributions from each of the
separate domains in the apoE molecule are not additive.
However, addition of an equimolar quantity of 22 kDa
apoL to 12 kDa apoE generated the amount of clearance
in 30 min expected for the additive contributions of both
fragments (Fig.6A, B), as did an equimolar mixture of 22
kDa and 10 kDa apoE. Therefore, we hypothesize that the
clearance rate with full-length apoE-3 is less than the rate
with the equimolar mixture of its 22 kDa and 12 kDa frag-
ments because in full-length apoE the two domains are
conformationally restricted when covalently attached to
one another. The timecourse for DMPC clearance by full-
length apoE-3 showed a predominant slow reactive pool
(Table 2), whereas the rapid and slow pools were approxi-
mately equal in size for the mixture of fragments (data
not shown). This suggests that full-length apoE was rela-
tively hindered in its ability to conformationally adjust in
associating with mLV, supporting this hypothesis.

ApoE polymorphism

The three apoE isoforms differed in DMPC mLV clear-
ance kinetics. The differences were generally more obvi-
ous among the 22 kDa fragments than the full-length pro-
teins (Fig. 8). Although subtle, these differences suggest
an inverse relationship between the stability of the apoE
N-terminal domain and reactivity to DMPC mLV. Previous
studies have shown that among the N-terminal domain
fragments of the three common apoE isoforms, apoE-2 is
the most resistant to thermal and chemical denaturation,
and a stepwise decrease in 4-helix bundle stability accom-
panies the progressive replacement of Cys at position 158
(apoE-3) and position 112 (apoE-4) respectively with Arg
(12). Since the 4-helix bundle of the N-terminal domain
opens upon lipid interaction (5), the rates at which the
three common apoE isoforms associate with lipid might
be influenced by differences in stability. Consistent with
this, the apparent K,, of 22 kDa apoE-2 was higher than
that of 22 kDa apoE-3 or apoE-4 (Table 1), indicating that
the subfraction of 22 kDa apoE-2 molcules available to
bind lipid within a given concentration of this protein in
the reaction mixture was the smallest. Furthermore, addi-
tion of the slow and fast kinetic pools for all three 22 kDa
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fragments (Table 2) revealed a “total pool” (£ S.E.) that
increased in the order apoE-2 (0.68 = 0.14) < apoE-3
(0.78 = 0.07) < apoE-4 (0.87 £ 0.07). This ranking is the
inverse of the stabilities of these 22 kDa molecules, as in-
ferred from chemical denaturation (12). Thus, as the sta-
bility of the 4-helix bundle decreased, a larger fraction of
22 kDa apoE molecules in the reaction mixture could as-
sociate with the lipid surface. Presumably, destabilization
of the 4-helix bundle increased the time-averaged proba-
bility of its existence in an open conformation in which
the nonpolar surfaces of its a-helices were available to in-
teract with lipid.

As an exchangeable apolipoprotein, apoE transfers
among various lipoprotein particles of different sizes and
compositions and interacts with molecules located both
intracellularly and on the cell surface. The present study
provides insights into how different regions of the protein
may function in these activities and how these functions
are altered by polymorphisms at residue positions 112 and
158, which affect the physical characteristics of apoE (12).
Furthermore, these studies indicate that intramolecular
interaction, mediated substantially by the approximately
30-residue hinge region, modulates the abilities of these
domains to associate with lipid. The conformational flexi-
bility of an apolipoprotein molecule critically affects the
rate at which it can solubilize PL bilayers. Our data also
confirm the importance of the existence of PL acyl chain
lattice defects for rapid apolipoprotein interaction. These
effects may be significant in vivo. If the ATP-dependent
transmembrane lipid transporter ABCAI acts as a PL flip-
pase (45), and produces such lattice defects in the plasma
membrane, then the kinds of apolipoprotein/PL interac-
tions and reaction kinetics described in this paper may oc-
cur. Therefore, the effects of protein structure on lipid in-
teraction described in the present investigation may give
insights into the abilities of these proteins to act as accep-
tors for ABCAI-mediated cellular PL efflux.

APPENDIX

The dimyristoyl-phosphatidylcholine (DMPC) multilamellar
vesicles (mLV) solubilization (clearance) reaction occurs be-
cause an apolipoprotein, such as apoA-I, can convert the large
mLV (>>1,000 nm in diameter) into small discoidal HDL-size
particles (~~10 nm in diameter) that scatter light far differently at
325 nm. As proposed by Pownall and colleagues (22), a critical
step in this process is the adsorption of apolipoprotein mole-
cules to lattice defects in the DMPC bilayer; these authors pro-
posed the role of these defects to explain the fact that the maxi-
mal rate of clearance occurs at the gel/liquid crystalline phase
transition temperature of DMPC. They demonstrated an inverse
correlation between polypeptide molecular weight and reaction
rate (24) and that packing defects created by the addition of cho-
lesterol to the DMPC bilayer stimulate the clearance rate (46).
The formation of the discs was proposed to involve the associa-
tion of monomeric apolipoprotein molecules with these defects.
When the ratio of protein to lipid on the bilayer surface becomes
sufficiently high, the bilayer is destabilized and portions “bud
off,” forming protein/lipid bilayer discs. This analysis explained
the general reaction mechanism, and since the timecourses with
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different apolipoproteins and peptides were similar in shape, it
was concluded that a similar reaction mechanism was occurring
in each case. The relatively short clearance timecourses fitted to a
monoexponential decay equation. However, in the present study,
detailed curve fitting of longer clearance timecourses for apoA-I
and apoE samples revealed more complex kinetics. Clearance
timecourses extending over several hours fitted better to a biex-
ponential decay equation (such as Equation 1) than to a mono-
exponential decay equation. Furthermore, while previous studies
compared clearance timecourses at a single phospholipid (PL)/
protein ratio, we examined the effects of protein concentration
on the clearance reaction kinetics. In light of these findings, the
original model for the interaction of an apolipoprotein with
DMPC mLV has been extended as described in Fig. 2 to give a
general reaction scheme for solubilization by apolipoproteins.
To explain the existence of simultaneously occurring fast and
slow kinetic phases, we propose that the site of initial contact of
the apolipoprotein molecule with the mLV surface (Stage I) may
be critical in determining the subsequent rate of reaction. If this
contact occurs between a protein molecule with exposed hydro-
phobic surface area and a packing defect in the DMPC bilayer,
then the reaction proceeds directly to Stage II. If the apolipopro-
tein initially contacts a site on the mLV where no defects are
present, then the protein molecule remains superficially ad-
sorbed to the mLV, but does not contribute to vesicle destabiliza-
tion until its hydrophobic region(s) is/are in contact with a de-
fect. Electrostatic interactions between hydrophilic groups on
apoE and the polar headgroups of DMPC have been suggested
previously to explain vesicle binding in the absence of solubiliza-
tion (27). It is feasible that superficial association between the
protein and lipid surface allows the apo molecule to diffuse over
the surface and eventually reach a defect where it can insert and
interact more strongly with the phosphatidylcholine (PC) mole-
cules. Such a “scooting” mechanism of a protein molecule
bound to a phospholipid vesicle has been proposed to better de-
scribe the reaction kinetics of phospholipase Ay (47). Therefore,
the occurrence of indirect interactions with DMPC lattice defects
may contribute to the existence of the slow kinetic phase (Fig.
2). After adsorption of apolipoprotein molecules to DMPC bi-
layer defects, the rate of arrival at Stage III depends upon the
rate at which these molecules can rearrange and insert their
a-helices into the defects. Apolipoprotein molecules that com-
plete this step rapidly are conformationally flexible enough to be
able to bind to the defects with most of their a-helices inserted
between the phospholipid acyl chains. This allows a quick attain-
ment of a critical concentration of a-helices in defects and desta-
bilization of the mLV bilayer. Factors that can reduce the rate at
which Stage III is reached include a high apolipoprotein concen-
tration on the surface of the mLV (causing molecular overcrowd-
ing), inflexibility between the a-helices in the apolipoprotein
molecule, apolipoprotein oligomerization, and apolipoprotein
glycosylation (48). In these situations, the apolipoprotein mole-
cules are each able initially to insert only a small fraction of their
a-helices into the defects and rearrangements must occur prior
to reaching Stage III. The rearrangements may include desorp-
tion of more loosely bound protein molecules from the lipid sur-
face, dissociation of protein oligomers, as well as protein confor-
mational changes. Thus, the delays intrinsic in these processes
also relegate an ensemble of molecules to the slow kinetic com-
ponent of the reaction. Upon reaching Stage III, a critical con-
centration of helices is lying flat within the bilayer defect to alter
PC packing and cause destabilization. We hypothesize that the
apolipoprotein molecules at this point are arranged with a stoi-
chiometry that favors ready formation of discoidal HDL particles
(i.e., 2-3 apolipoprotein molecules circumscribing a segment of
bilayer consisting of about 200 PC molecules). Stable bilayer

discs are now formed whose general characteristics have been
well established in the literature. As DMPC bilayers are progres-
sively removed from the mLV by repetition of the process above
(Stage IV), a gradual decrease in the turbidity of the mLV sus-
pension occurs. Thus, Stages I and II present possible rate-limit-
ing scenarios which serve to assign apolipoprotein molecules to
either slow or rapid reaction kinetics, although all apolipopro-
tein molecules presumably react similarly once Stage III has
been attained.fili
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