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Abstract The partitioning of apolipoprotein A-I (apoA-I)
molecules in plasma between HDL-bound and -unbound
states is an integral part of HDL metabolism. We used the
surface plasmon resonance (SPR) technique to monitor
in real time the reversible binding of apoA-I to HDL. Bioti-
nylated human HDL, and HDL; were immobilized on a
streptavidin-coated SPR sensor chip, and apoA-I solutions at
different concentrations were flowed across the surface. The
wild-type (WT) human and mouse apoA-I/HDL interaction
involves a two-step process; apoA-I initially binds to HDL with
fast association and dissociation rates, followed by a step ex-
hibiting slower kinetics. The isolated N-terminal helix bundle
domains of human and mouse apoA-I also exhibit a two-step
binding process, consistent with the second slower step
involving opening of the helix bundle domain. The results of
fluorescence experiments with pyrene-labeled apoA-I are
consistent with the N-terminal helix bundle domain interact-
ing with proteins resident on the HDL particle surface. Dis-
sociation constants (K;) measured for WI human apoA-I
interactions with HDL, and HDL; are about 10 pM, indicat-
ing that the binding is low affinityill This K, value does not
apply to all of the apoA-I molecules on the HDL particle but
only to a relatively small, labile pool.—Lund-Katz, S., D.
Nguyen, P. Dhanasekaran, M. Kono, M. Nickel, H. Saito, and
M. C. Phillips. Surface plasmon resonance analysis of the
mechanism of binding of apoA-I to high density lipoprotein
particles. J. Lipid Res. 2010. 51: 606-617.

Understanding the structure and function of HDL is sig-
nificant because of the beneficial cardioprotective proper-
ties of this lipoprotein (1). The anti-atherogenic effects of
HDL arise, in part, from its participation in the reverse
cholesterol transport pathway where the principal HDL
protein, apolipoprotein A-I (apoA-I), plays a central role
(2). As a result, the structure-function relationships of
apoA-I have been studied extensively (for reviews, see Refs.
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3-5). Perhaps the most important characteristic of the
apoA-I molecule is its ability to bind lipids; this interaction
is mediated by the amphipathic a-helices present in the
protein molecule (6). ApoA-I binds well to phospholipid
(PL)-water interfaces and, under appropriate conditions,
can solubilize the PL to create discoidal HDL particles (7,
8). The binding of apoA-I to a PL surface involves a two-
step mechanism. First, a-helices in the C-terminal domain
of the protein interact with the surface, and, second, the
N-terminal helix bundle domain opens to allow more
helix-lipid interactions to occur (5, 9). Although the binding
of apoA-I to model PL particles has been studied exten-
sively, the binding of apoA-I to HDL particles has not been
investigated much because of the difficulty of separating
free and bound apoA-I in this system. This lack of informa-
tion about apoA-I/HDL interactions is significant because
the cycling of apoA-I molecules on and off HDL particles
occurs during the metabolism of HDL particles (10, 11), in
particular to release apoA-I molecules into the pre-HDL
pool (10, 12). This recycling is consistent with the well-
established ability of apolipoproteins, such as apoA-l, to
exchange spontaneously between different populations of
lipoprotein particles (13-16) and PL vesicles (17, 18). As a
rule, any remodeling event that depletes HDL particles of
PL induces particle fusion and dissociation of that fraction
of the apoA-I molecules that is in a labile pool (19). At this
stage, quantitative understanding of the kinetics of apoA-I
interactions with HDL particles is unavailable.

Here, we exploit surface plasmon resonance (SPR) to
monitor in real time the association and dissociation reac-
tions in the apoA-I/HDL system. SPR has been used to de-
rive quantitative information about the binding of both
lipoproteins (20) and apoE (21-23) to proteoglycans. As far

Abbreviations: apo, apolipoprotein; B,,,, saturating amount
bound; HABA, 2-(4-hydroxyphenyl) azobenzoic acid; PL, phospho-
lipid, RU, resonance unit; SEM, small emulsion; SPR, surface plasmon
resonance; SUV, small unilamellar vesicle; WT, wild type.
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as the application of SPR to the HDL system is concerned,
the binding of several plasma remodeling factors to HDL
immobilized on a sensor chip has been investigated suc-
cessfully (24-26). Also, the conformation of apoA-Iin HDL
was explored by comparing the binding of HDL particles
to anti-apoA-I monoclonal antibodies immobilized on an
SPR chip (27). We have extended these approaches to
study the binding of apoA-I to HDL particles. The results
show that apoA-I can bind reversibly and with low affinity
to HDL particles by a two-step mechanism.

EXPERIMENTAL PROCEDURES

Materials

HDL; and HDL; were purified by sequential density ultracen-
trifugation (28, 29) from a pool of fresh human plasma obtained
by combining several single units. Human apoA-I was isolated
from the total HDL fraction (1.063 < d < 1.21g/ml) of human
plasma as described previously (30). Human apoA-I and engi-
neered variants were expressed in Escherichia coli and isolated as
reported earlier (9, 31). Murine apoA-I and engineered variants
were prepared similarly as described before (32). Human apoE3
was obtained as formerly reported (31).

Biotinylation of HDL particles

HDL, and HDL; were dialyzed into PBS (pH 7.4) prior to
biotinylation. The EZ-Jlink sulfo-NHS-LC-biotinylation kit from
Pierce Chemical (Rockford, IL) was used for attaching biotin
molecules through a 2.24 nm spacer arm to lysine residues on the
surface of HDL particles. HDL, and HDL3, each at 1.0 mg pro-
tein/ml, were mixed with a freshly made 10 mM sulfo-NHS-LC-
biotin solution at a 10-fold molar exess of biotin. The lipoproteins
were incubated under nitrogen at 4°C overnight before dialysis
against TBS (pH 7.4) to remove unreacted sulfo-NHS-LC-biotin.
The degree of biotinylation of the particles was determined using
conditions recommended by Pierce. Briefly, solutions containing
biotinylated lipoproteins were added to a mixture of 2-(4™-hydroxy-
phenyl) azobenzoic acid (HABA) reagent and immunopure avidin
(Pierce Chemical). Because of its higher affinity for avidin, bio-
tin, from the biotinylated lipoproteins, displaced avidin-bound
HABA. Therefore, the absorbance at 500 nm of the HABA-avidin
complex was reduced. The change in absorbance was used to
calculate the level of biotin incorporated into the lipoprotein
particles. This procedure ordinarily yielded one to two biotin
molecules per HDL particle. Such a modification did not change
the binding properties of the HDL particle surface as assessed
by 14C—apoA—I binding in an HDL,/HDLg partition assay using
control and biotinylated HDL particles (S. Lund-Katz and
M. Nickel, unpublished observations).

SPR

Studies of the binding of apolipoproteins (association and dis-
sociation) to HDL were performed with a Biacore 3000 SPR
instrument (Uppsala, Sweden) using SA sensor chips (Biacore,
Uppsala, Sweden), as described before for the binding of apoE
(33). This chip is designed to bind biotinylated ligands through a
high-affinity capture process. Prior to immobilization of HDL on
the sensor chip, the streptavidin surface was conditioned with
three consecutive 1-min injections of 1 M NaCl in 50 mM NaOH
(50 pl/min). The biotinylated HDL, or HDL; was then immobi-
lized onto the surface through the quasicovalent biotin-streptavidin
interaction by exposing the surface to the biotinylated lipopro-
tein solutions in running buffer (50 mM TBS, pH 7.4) until

2,500-3,000 response units (RUs) of biotinylated HDL were
bound to the surface. This was achieved by a 10 pl injection of
biotinylated HDL, or HDL; (1.0 mg protein/ml) at a flow rate of
2 pl/min at room temperature. After 5 min, the chip was washed
with degassed TBS to remove unattached HDL. A 50 pg/ml hu-
man apoE3 solution was flowed over the chip at 20 pl/min for 2
min to block any remaining hydrophobic surface areas and re-
duce apoA-I binding to nonHDL sites; the chip was then washed
with TBS until the SPR signal reached a steady background value.
The surface of the immobilized HDL was then exposed to a 4 min
injection of apoA-l dissolved in degassed TBS at a flow rate of
20 pl/min to monitor association, and then TBS alone was passed
over the sensor surface to monitor apoA-I dissociation from the
immobilized HDL particles. For these experiments, two flow cells
were monitored simultaneously with flow cells 1 and 2 containing
immobilized biotinylated HDL, and HDL;, respectively. A sensor
chip lacking immobilized HDL could not be used as a reference
cell because apoA-I bound more to this surface than to an HDL-
coated chip. The apolipoproteins were dialyzed from 6 M guani-
dine HCI into TBS, filtered (Ultrafree, MC centrifugal filter
devices, 0.1 pm filter unit; Millipore, Bedford, MA) and degassed
before serial dilutions (20 to 400 pg/ml) were made just prior to
injection. The sensor chip was washed two times with 20 pl TBS
between each injection of apolipoprotein. The chips were used
for 2 days in repetitive experiments. Regeneration of the sensor
chip surface was not possible since the lipoproteins were directly
immobilized via biotin-streptavidin interaction. The apoA-I sen-
sorgrams were independent of flow rate in the range 10-40 pl/
min, indicating that the apoA-I binding at 20 pl/min was not lim-
ited by mass transport (diffusion) effects. Steady state binding iso-
therms and K, values of the binding to HDL were obtained by
generating sensorgrams at different apoA-I concentrations. The
sensorgrams were analyzed with the BIA evaluation software ver-
sion 4.1 (Biacore). The response curves of various apolipoprotein
(analyte) concentrations were fitted to the two-state binding
model described by the following equation (34, 35).
A+B <11 AB <= AB

Ka Kao X

(kq. 1)

The equilibrium constants of each binding steps are K; =
1/ and Ky = "/, o, and the overall equilibrium binding con-
stant is calculated as K, = K; (1 + Ky) and Ky = I/K‘L In this model,
the analyte (A) binds to the ligand (HDL) (B) to form an initial
complex (AB) and then undergoes subsequent binding or con-
formational change to form a more stable complex (AB,). A fur-
ther check of the two-state binding mechanism was obtained by
variation of the contact time for association between the apoA-I
and the HDL. For a two-state reaction, an increase in the contact
time between the analyte and the ligand decreases the dissocia-
tion rate since more of the stable AB, complex is formed. For the
apolipoproteins, binding responses in the steady-state region of
the sensorgrams (R.,) were also plotted against apolipoprotein
concentration (C) to determine the overall equilibrium binding
affinity. The data were subjected to nonlinear regression fitting
(Prism 4; GraphPad) according to the following equation:

R, = CR (Eq. 2)

eq max

/(C +K,)

R« s the maximum binding response, and Kjis the dissociation
constant. We have validated this SPR approach for measuring K, by
monitoring the binding of apoE4 to VLDL by SPR as well as ultra-
centrifugation (36) and obtained the same K, (data not shown).

Gel filtration chromatography

The distribution between the free and bound states of trace-
labeled 14C—apoA—I incubated with HDL, was determined using
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Fig. 1. Immobilization of HDL on an SPR sensor
chip. Biotinylated HDL, was immobilized on a pre-
treated streptavidin-coated sensor chip by flowing a
1 mg/ml solution across the chip for 5 min at 2 pl/
min and washing with TBS at 100 pl/min.
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gel filtration chromatography to separate the two pools of
apoA-I. e apoA-I (specific activity 2-3 pCi/mg) was prepared
by reductive methylation using '‘C-formaldehyde as described
before (37); the surface activity of apoA-I is unaffected by this

conversion of a few lysine residues to monomethylysine (37). The
"C-apoA-l (10 pg) in TBS (pH 7.4) was mixed with unlabeled
apoA-I to give the desired total apoA-I concentration and added
to HDL,; to give a final volume of 1.0 ml that contained 1 mg of
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1B - obtained over a range of apoA-I concentrations (cf.
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RU,,,, values are plotted (mean + SD, n = 3) as a func-
tion of apoA-I concentration and fitted to a one-site
binding model.
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HDL,; protein. The mixture was incubated for 1 h at room tem-
perature to allow the apoA-I to bind to the HDL, particles and
then subjected to gel filtration chromatography on a calibrated
Superdex 200 column (60 x 1.6 cm) (38). The K, values on this
column for HDLy and apoA-I were 0.21 and 0.49, respectively.
The fractions corresponding to the HDL, and free apoA-I peaks
were pooled, and the distribution of 14C—apoA—I determined by
liquid scintillation counting. The amount of bound apoA-I per
mg HDL, was plotted as a function of free apoA-I concentration
and fitted to Equation 2 to derive a K, value.

Fluorescence measurement of the binding of
pyrene-apoA-I to lipid emulsions and HDL;

Site-specific pyrene labeling of cysteine-containing apoA-I vari-
ants (V53C and F229C) was performed as described (39). Small
triolein/egg PC emulsion (SEM) particles (average diameter of
35 + 5 nm) were prepared by sonication and purified by ultracen-
trifugation as described (40). Fluorescence measurements were
carried out with a Hitachi F-7000 fluorescence spectrophotome-
ter at 25°C. In SEM or HDL; binding experiments, pyrene emis-
sion fluorescence of apoA-I (25 pg/ml in TBS, pH 7.4) was
recorded from 360-500 nm using a 342 nm excitation wavelength
at increasing concentrations of SEM or HDL; (ratios of PL to
protein were 0—80 w/w). To reduce the effect of light scattering
caused by lipid particles, the sample was excited with vertically
polarized light and measured with a horizontal emission polar-
izer using a 4 x 4 mm cuvette (41). Kinetic data for the increase

in fluorescence of pyrene-labeled apoA-I variants upon binding
to SEM or HDL; were obtained by monitoring the emission in-
tensity at 385 nm. Parameters of apoA-I binding to SEM and
HDL,; particles were derived from the fluorescence results as fol-
lows. The fraction of bound apoA-I, 6 was calculated according to
0=Fh /P =(F-F)IF,, - F) where P, and Py are bound and
total apoA-I concentrations, respectively, I"and F, are integrated
fluorescence intensities for pyrene-apoA-I in the presence and
absence of lipid particles, respectively, and I, represents the
fluorescence intensity when pyrene-apoA-I completely binds to
particles. Binding of apoA-I to lipid particles is expressed by a
one-site binding model assuming that apoA-I binds to discrete,
equivalent, and noninteracting binding sites on the particle sur-
face (42-45):P, /[PL]1= B, B /(K + F) where P; is the unbound
apoA-I concentration, [PL] is the PL concentration of particles,
and K and B, are the dissociation constant and the maximal
binding capacity, respectively (39).

RESULTS

HDL Immobilization on an SPR chip

Figure 1 shows the immobilization of biotinylated HDL
on a streptavidin-coated sensor chip when an HDL solu-
tion is flowed across the surface. Itis apparent that there is
rapid binding to give a steady state level. Flowing buffer
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Fig. 3. Two-state binding of apoA-I to HDL as de-
tected by SPR measurement of the kinetics of asso-
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Fig. 4. Comparison of the binding of human
apoA-I and its tertiary structure domains to HDL,.
A: The binding isotherms were obtained and ana-
lyzed as described in the legend to Fig. 2B. Squares,
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Human apo A-l bound (ug/mg HDL, protein)

WT apoA-I; upwards triangles, N-terminal domain
(residues 1-189); diamonds, C-terminal domain
(residues 190-243); downwards triangles, apoA-I
variant with C-terminal a-helix deleted. B: The bind-
ing of 14C-apoA—I to HDL, was monitored by gel
filtration chromatography, as described in Experi-
mental Procedures.
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Human apo A-l concentration (ug/ml)

solution alone across the chip washes away a small amount
of weakly bound HDL, but the remainder is essentially ir-
reversibly bound by the biotin-streptavidin interaction. In
multiple experiments, the amounts of HDL, and HDLg
immobilized by this procedure were 2909 + 729 and 2761
+ 449 RU (mean + SD), respectively. The immobilization
of HDL in this fashion permits evaluation of the binding
of apoA-I, which is difficult to monitor in solution because
of problems in readily separating HDL and unbound
apoA-I. Another advantage of the SPR method is that la-
beling the apoA-I molecules is not required. A potential
problem in the SPR experiment is steric restriction of
apoA-I binding by the proximity of the sensor chip sur-
face, but, because HDL particles are attached to the sur-
face by a 2.24 nm spacer arm, protein molecules can access
the HDL surface. For example, LCAT (24) and cholesteryl
ester transfer protein (26) have been shown to bind to
HDL in similar SPR experiments.

Kinetics of human ApoA-I binding to HDL

Figure 2A shows a typical series of sensorgrams for bind-
ing of wild-type (WT) apoA-I at different concentrations to
HDL;. Similar results were obtained with human plasma
apoA-I and when HDL, was immobilized on the sensor chip
(datanot shown). The data are corrected for bulk refractive

610 Journal of Lipid Research Volume 51, 2010

350 400

index effects and fitted using a two-state binding model
(see Experimental Procedures). The kinetic data were not
fitted well by a 1:1 Langmuir binding model, as reflected by
the large value of the goodness of fit parameter x> 20
compared with <10 for a global fit using the two-state
model). It follows that the binding of apoA-I to HDL parti-
cles involves either a sequential two-step process or some
conformational change (22, 34, 35). Fitting of the sensor-
grams in Fig. 2A gives an association constant K,~4 x 10°

TABLE 1. Binding constants for apoA-l interaction with HDL,

K/ Buas”

ApoA-1 pg/ml M RU Relative
Human

WT 335 + 111 12 +4 313 + 61 1

1-189 90 +8 4+04 124 + 4 0.4

1-222 171 27" 7+0.3 121+9 0.4
Mouse

WT 163 + 26" 6+1 144 + 11 0.5

1-186 61 +12 3+ 0.6 79+5 0.25

“The K,and B, values are listed as mean + SEM and are derived
from at least two independent binding isotherms of the type shown in
Fig. 4.

" These values are not significantly different (P> 0.05) to the K, for
WT human apoA-I.
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Increase in fluorescence intensity (a.u.)

M, indicating weak binding of apoA-I to HDL; particles.
Because the fitting of the sensorgrams obtained at apoA-I
concentrations >100 pg/ml is relatively poor, there is some
uncertainty associated with this K, value. Some of the rea-
sons for the difficulty in modeling the apoA-I/HDL interac-
tion include (1) the interaction is low affinity, (2) the HDL
particles are heterogeneous and do not contain a discrete
number of binding sites, and (3) the tendency of apoA-I to
self-associate at higher concentrations. Consequently, we
employed the steady-state method to compare the binding
affinities of various apoA-I molecules to HDL (see below).
The response curve in Fig. 2A for 50 pg/ml apoA-I
flowed across the sensor chip with immobilized HDL; is
analyzed in more detail in Fig. 3A. Here the deconvoluted
curves show the initial binding (AB) and subsequent bind-
ing or conformational changes (AB,). Because of the un-
certainties mentioned above about the valences of the
HDL particles, it is difficult to interpret the kinetics of as-
sociation in detail. However, inspection of the deconvo-
luted curves in Fig. 3A reveals that at the end of the 4 min
association phase of the experiment, the sizes of the AB
and AB, pools of bound apoA-I are approximately equal in
size. Itis also apparent that in the dissociation phase (after
4 min), apoA-I molecules in the AB pool dissociate more
readily than those in the AB, pool. Analyzing many sensor-

grams, the value for the dissociation rate constant ky; for
the AB pool is in the range of 2-6 x 107%™, while the
value of kyy for the AB, pool is an order of magnitude
smaller. These k, values correspond to halftimes of disso-
ciation of 17 s and ~3 min for the AB and AB, pools, re-
spectively. The rate of dissociation of apoA-I from the HDL
surface is dependent upon the length of time the apoA-I is
in contact with the particle. As shown in Fig. 3B, progres-
sively shortening the injection (contact) time from 240 s
to 60 and 30 s enhances apoA-I dissociation. The fraction
of apoA-I in the AB pool increases from ~0.5 to 0.8 as the
contact time is decreased to 30 s, and essentially all the
apoA-I is removed at the end of the 4 min dissociation
phase. The value of ky; for the AB pool is not affected by
the change in contact time, whereas kg, approximately
doubles as the contact time is decreased to 30 s. These re-
sults are consistent with the second step in the two-step
mechanism of apoA-I binding to HDL involving a confor-
mational change in the bound apoA-I molecules.

Fitting of the family of sensorgrams depicted in Fig. 2A
to the two-state binding model yields a maximal binding
value (R,,,) for each concentration of apoA-I. Figure 2B
shows a steady-state binding isotherm plotted using such
R, values and fitted to a one-site binding model
(Scatchard equation). The data in Fig. 2B yield a K, value

A ApoA-l (F229C)
o, SEM

3004
00{ .
i
100{
ol

Fig. 5. Time courses of increases in fluorescence
intensity upon addition of either emulsion particles
\ (SEM) or HDL; to apoA-I F229C-pyrene (A) and

B ApoA-l (V53C)

apoA-I Vb3C-pyrene (B). SEM or HDL; particles
were added to the apoA-I variants at final concentra-
tions of 10 wg apoA-I variant/ml and 0.4-0.6 mg/ml
PL. Pyrene fluorescence was monitored at 385 nm
with excitation at 342 nm.

300-
200-

o .
100- ‘::#w_ A HDL,

T T T Ll ) J ) T
0 100 200 300 400 500 600 700 800
Time (s)

L}
900 1000

Binding of apoA-I to HDL 611

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


http://www.jlr.org/

JOURNAL OF LIPID RESEARCH

I

A ApoA-l (F229C)

1.0

(F-Fo)I(Fmax - Fo)

<+—SEM
0.4

0.2

0 10 20 30 40 50
PL/apo A-l (wiw)

of 236 + 27pg apoA-I/ml (8 + 1 pM, mean + SEM) for the
binding of human apoA-I to HDL;. This K, value indicates
that the apoA-I/HDL; interaction is of low affinity and is
in a similar range to the K, value of 2-3 pM reported re-
cently by Carnemolla et al. (46). Electrostatic interactions

Fig. 6. Fraction of apoA-I F229C-pyrene (A) and
apoA-1 V53C-pyrene (B) bound to emulsions (SEM)
(closed circles) and HDL; (open circles) as a func-
tion of the weight ratio of PL to pyrene-apoA-I. The
protein concentration was 25 pg/ml.

apparently do not play a significant role in the binding
process because increasing the sodium chloride concen-
tration in the apoA-I-containing running buffer from
0.15-0.5 M did not alter the sensorgram (data not shown).
Furthermore, the sensorgrams (Fig. 3A) and binding iso-

Response (RU)

T T T T T T
0 50 100 150 200 250 300
Mouse apo A-l concentration (ug/ml)
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Fig. 7. Comparison of the binding of mouse
apoA-I and its tertiary structure domains to HDL,.
The binding isotherms were obtained and analyzed
as described in the legend to Fig. 2B. Circles, WT
apoA-I; triangles, N-terminal domain (residues 1-186);
diamonds, C-terminal domain (residues 187-240).
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therm (Fig. 2B) are not affected significantly by any self-
association of the apoA-I because preparing 50 pg/ml
running solutions by dilution of 0.08 and 0.8 mg/ml stock
solutions [self-association only occurs in the latter case
(47)] gave rise to similar sensorgrams (data not shown).

Contributions of tertiary structure domains of human
apoA-I to HDL binding

Figure 4A compares the isotherms obtained by SPR for
WT human apoA-I and its separate N- (residues 1-189)
and C-terminal (residues 190-243) domains binding to
HDL,. The equivalent binding isotherms to HDLg are
similar (data not shown). The binding of WT apoA-I to
HDL, was monitored by both SPR and gel filtration chro-
matography to confirm that the SPR results are reliable.
The binding isotherms for WT apoA-I in Fig. 4A and B
are consistent in that the K, values are 12 + 4 and 8 + 3
uM, respectively. The K, and B,,,, values derived from
the isotherms obtained by SPR are listed in Table 1. It is
apparent that removal of the C-terminal domain reduces
the amount of apoA-I that binds (lower B,,) but in-
creases the binding affinity (lower K;). Removal of the
C-terminal a-helix [to give apoA-I (1-222)] also reduces
B,.« but does not significantly reduce K, The isolated

apoA-I C-terminal domain does not bind to HDL (Fig. 4).
The precision in the determinations of the kinetic param-
eters for the association of WT apoA-I and its N-terminal
domain with HDL was insufficient to detect significant
differences in the k, and k, values for the two proteins.
To further explore the binding of the N- and C-terminal
domains of apoA-I to HDL;, we monitored the binding of
human apoA-I V53C-pyrene and apoA-l F229C-pyrene by
fluorescence spectroscopy, as we have done before in a
small unilamellar vesicle (SUV) system (39). When these
labeled apoA-I molecules bind to a lipid particle, there is an
increase in fluorescence intensity due to movement of the
pyrene moiety into a hydrophobic environment (Fig. 5). It
is apparent from the results in Fig. bA that the kinetics of
binding of the apoA-I C-terminal domain (F229C-pyrene)
to SEM and HDL,; are similar, consistent with the binding
being lipid-mediated in both cases. In contrast, the kinetics
of interaction of the apoA-I N-terminal helix bundle do-
main (V53C-pyrene) with the SEM and HDL, particles are
markedly different (Fig. 5B). The binding titration curves
depicted in Fig. 6 reveal the same trends. Thus, the C-terminal
domain of apoA-I binds similarly to the SEM and HDLg
and reaches saturation at about the same PL/apoA-I ratio
(Fig. 6A). This result indicates that interactions between the

(RU)

Fig. 8. SPR sensorgrams of binding of WT human
apoA-I and its N-terminal tertiary structure domain

nse
8
4
w
y

» (residues 1-189) to immobilized HDLg. The sensor-

po

204

gram for total binding (solid line) is for 50 pg/ml
apoA-I flowed at 20 pl/min, and the initial binding
(AB) and subsequent binding (AB,) contributions
were obtained by deconvolution, as described in the
legend to Fig. 3.
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hydrophobic apoA-I C-terminal a-helix and lipid dominate
the binding to both the SEM and HDL; particles. However,
the binding behavior of the N-terminal domain is quite
different in that it exhibits enhanced binding to HDLg
compared with the SEM (Fig. 6B). This effect is most likely
due to protein-protein interactions between the apoA-l
N-terminal helix bundle domain and apolipoproteins resi-
dent in the HDL; particle surface. Such protein-protein
interactions can occur readily because it can be estimated
from the particle lipid/protein composition and size (48)

40

that the resident apolipoproteins occupy about 80% of the
HDL; particle surface area.

Influence of tertiary structure domain properties on
apoA-I binding to HDL

We have taken advantage of the differences in the N-and
C-terminal domain properties of human and mouse apoA-I
(32) to explore the influence of these properties on the
binding of apoA-I to HDL. Figure 7 shows the binding
isotherms of WT mouse apoA-I to HDL,, and the corre-

WT

association

40 1 Il Il I 1

Response (RU)

Fig. 9. SPR sensorgrams of binding of WT mouse
apoA-I and its N- (residues 1-186) and C-terminal
(residues 187-240) tertiary structure domains to im-
mobilized HDL;. The data were analyzed as de-
scribed for human apoA-I in the legend to Fig. 8.
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sponding binding constants are listed in Table 1. It is ap-
parent that the B, value for WI mouse apoA-I is lower
than that of WI human apoA-I, but the K, values for the
two proteins are not significantly different; the K, value for
WT mouse apoA-I binding to HDL, is in excellent agree-
ment with a prior report (49). As is observed with human
apoA-], deletion of the C-terminal domain of mouse apoA-I
to give mouse apoA-I (1-186) increases the binding affinity
(reduces K;) and also reduces the amount of binding
(lower B,,.,). In contrast to the situation with the isolated
C-terminal domain of human apoA-I, which does not bind
to HDL, (Fig. 4), the isolated mouse C-terminal domain
binds to HDL, in a low affinity, nonsaturable fashion giving
rise to a linear binding isotherm in the concentration range
studied (Fig. 7). The SPR experiments did not reveal sig-
nificant differences in the binding constants for WT mouse
apoA-I interacting with HDL, and HDL; (data not shown),
although Reschly et al. (49) using different methods
showed that this protein binds relatively weakly to HDL,.

Figures 8 and 9 compare the initial binding (AB) and
subsequent binding or conformational change (AB,) com-
ponents for WI' human and mouse apoA-I and their
isolated N- and C-terminal domains binding to HDLs.
In the case of human apoA-I (Fig. 8), the deconvolution
analysis shows that the AB and AB, components are similar
for the intact protein and for the isolated N-terminal
helix-bundle domain. The level of binding of the isolated
C-terminal domain of human apoA-I was too low for the
deconvolution analysis to be possible. However, in the case
of mouse apoA-I, it was possible to compare the behavior
of the isolated N- and C-terminal domains. The results in
Fig. 9 demonstrate that the N-terminal domain exhibits
two-state binding, whereas the C-terminal domain displays
essentially one-state binding with only a very minor AB,
component being apparent.

DISCUSSION

Relatively little detailed understanding is available about
the interaction of apoA-I with preformed spherical HDL
particles, despite the importance of this phenomenon in the
cycling of apoA-I between lipid-bound and lipid-free states
in the plasma compartment (10). This SPR study of the real-
time apoA-l association with and dissociation from HDL
particles provides novel insights into the mechanism of
interaction and information about the affinity of binding.

Kinetics of apoA-I/HDL interaction

The fact that the sensorgrams depicted in Fig. 2A are
best fitted to a two-state model indicates that some sequen-
tial binding events occur when apoA-I molecules bind to
HDL particles. The time courses of these two processes
(AB and AB,) are shown in Fig. 3A, from which it is appar-
ent that the dissociation of the initial bound form of apoA-I
(AB) is more rapid than that of the subsequent bound
form (AB,). The fact that the length of time apoA-I mole-
cules are in contact with the HDL surface affects the rate
of dissociation (Fig. 3B) provides strong evidence for the

second (AB,) kinetic phase involving a conformational
change in the apoA-I molecule. The question arises as to
what is the nature of these two bound forms of apoA-I.

Because apoA-I adopts a two-domain tertiary structure
(5,9), an obvious possibility is that these two domains bind
in a sequential fashion to give the observed kinetics. How-
ever, the fact that the WT human apoA-I molecule and its
isolated N-terminal domain (residues 1-189) exhibit the
same reaction kinetics (Fig. 8) indicates that this is not the
case. Apparently, either the N-terminal helix bundle do-
main or the C-terminal domain can initiate binding to the
HDL particle surface. In the SUV situation where the par-
ticle surface contains only PL. molecules, the rapid initial
binding step occurs through the C-terminal domain and
the second step involves the subsequent slow opening of
the N-terminal helix bundle domain (5, 9). As depicted in
Fig. 10, this series of events may occur when apoA-I binds
to an HDL particle, but the situation is more complex in
that an apoA-I molecule can also first bind via its helix
bundle domain. Regardless of the mode of initial interac-
tion, the second slower step is proposed to involve helix
bundle unfolding (Fig. 10). In support of this, binding of
the isolated mouse N-terminal domain (residues 1-186)
exhibits a clear second, slow AB, phase, whereas binding
of the isolated mouse C-terminal domain (residues 187—
240) does not (Fig. 9).

Affinity of apoA-I/HDL interaction

The isotherms depicted in Figs. 4 and 7 together with
the binding constants listed in Table 1 give insight into
how the properties of the apoA-I tertiary structure do-
mains influence the apoA-I/HDL interaction. In marked

protein site

Fig. 10. Model of the two-step binding mechanism of apoA-I to a
spherical HDL particle. Initial binding (Step 1) is rapid and readily
reversible and can occur through amphipathic a-helices (cylinders)
in either the C-terminal domain (upper pathway) or the N-terminal
helix bundle domain (lower pathway) of the apoA-I molecule. In the
upper pathway, the C-terminal domain of apoA-I (solid cylinders)
first interacts with a lipid site on the HDL particle surface, and Step
2 involves the subsequent opening of the helix bundle whereby hy-
drophobic helix-helix interactions are converted to helix-lipid inter-
actions. Step 2 is relatively slow and less readily reversible. In the
lower pathway, the apoA-I N-terminal helix bundle domain interacts
with a protein site on the HDL particle surface.
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contrast to what is seen with binding to SUV, where high
affinity binding is eliminated (44, 50), removal of either
the C-terminal domain or C-terminal a-helix does not
disrupt the high affinity binding of human apoA-I to
HDL (Fig. 4). Furthermore, the isolated C-terminal do-
main of human apoA-I (residues 190-243) cannot bind
to HDL (Fig. 4), but it can bind well to pure lipid parti-
cles (32, 51). Removal of the C-terminal domain from
WT mouse apoA-I also does not eliminate high affinity
binding to HDL (Fig. 7). However, this result is consis-
tent with what occurs with binding to SUV and is a conse-
quence of the C-terminal domain of mouse apoA-I
(residues 187-240) being relatively polar and having
weak lipid binding ability (32). Unlike its human coun-
terpart, the isolated mouse C-terminal domain can bind
to HDL, albeit in a low affinity fashion (Fig. 7). The
above differences in behavior point to interactions be-
sides direct apoA-I/lipid interactions being involved in
binding of apoA-I to HDL. Indeed, the pyrene-apoA-I
fluorescence data in Figs. 5 and 6 demonstrate that the
apoA-I helix bundle domain interacts with apolipopro-
teins resident in the HDL particle surface. Such protein-
protein interactions are responsible for the lower pathway
of apoA-I binding depicted in Fig. 10.

Physiological implications

A question arises as to the implications of the K, value of
~10 pM for WT human apoA-I/HDL interaction (Table
1) for the distribution of apoA-I between lipid-bound and
lipid-free states in plasma. Assuming that a typical concen-
tration of HDL particles in human plasma is about 16 pM,
then it follows that ~40% of any apoA-I molecules inter-
acting with a K; of 10 pM are in the lipid-free state. Only
5-10% of total plasma apoA-I is in the lipid-free state (10),
so it follows that most apoA-I molecules in HDL particles
are more strongly bound and have a lower K, value. The K,
of ~10 pM must apply to a smaller pool of weakly associ-
ated apoA-I molecules that are perhaps being held in a
“reservoir” state and are not essential structural compo-
nents of the HDL particle. In support of this idea, several
approaches have demonstrated that HDL contains two
populations of apoA-I. Thus, there is a labile pool that is
readily released by chemical denaturants and susceptible
to mild trypsin digestion and another more strongly bound
pool that is not released by chemical denaturants and is
resistant to trypsin digestion (19, 52). Thermal denatur-
ation of spherical HDL also demonstrates the existence of
two pools of apoA-I; dissociation of one apoA-I subpopula-
tion causes HDL particle fusion, while dissociation of the
second is associated with particle rupture (53). Studies of
disruption of plasma HDL particles by Streptococcal se-
rum opacity factor indicate that most HDL particles con-
tain at least one labile apoA-I molecule that can dissociate
readily (54). Finally, the existence of a labile apoA-I pool is
consistent with the observation that certain discoidal HDL
particles can spontaneously rearrange with the release of
some apoA-I molecules (55). The strongly bound apoA-I
molecules in spherical HDL particles are aligned in a “tre-
foil” arrangement (56), while at least some of the weakly
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bound molecules are probably attached to lipid sites only
through the C-terminal domain (39) HE
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