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ABSTRACT: Apolipoprotein A-I (apoA-I), the major protein of high-density lipoprotein (HDL), moves
between HDL and triacylglycerol-rich lipoproteins during metabolism. We reported that apoA-I is
conformationally flexible at the triolein/water (TO/W) interface, partially desorbing at low surface pressure
(Π) but totally desorbing atΠ > 19 mN/m. We now report the different behavior of the N- and C-terminal
peptides of apoA-I ([1-44]apoA-I and [198-243]apoA-I) at the TO/W interface. While both peptides
are surface active, [198-243]apoA-I is more stable at the TO/W interface. At equilibrium interfacial
tension both peptides desorb from the interface when compressed, but [1-44]apoA-I is pushed off at
13 mN/m while [198-243]apoA-I can withstandΠ ) 16 mN/m. Neither peptide is very elastic or flexible
at the interface. Only at small changes of area (<8%), fast oscillations (4 and 8 s periods), and relatively
low concentrations (2× 10-7 M) do these peptides show elastic behavior but with a relatively small
modulus compared to that of apoA-I. When mixed together, they appear not to interact on the surface.
[1-44]ApoA-I binds more rapidly but is replaced by [198-243]apoA-I within minutes. We suggest that
when apoA-I partially desorbs from lipoprotein surfaces during lipid metabolism, the N-terminal is the
first to detach while the C-terminal remains on the interface and only desorbs at higher pressures. Thus,
the observations that different domains of apoA-I adsorb or desorb with small variations in surface pressure
make apoA-I a very flexible protein with multiple functions, one of which is to stabilize surface pressure
during lipoprotein metabolism as lipids move in and out of the lipoprotein surface.

Apolipoprotein A-I (apoA-I)1 is the major protein of high-
density lipoprotein (HDL) and serves to stabilize the HDL
particles. Reduced plasma levels of HDL and apoA-I are
the key risk factors for atherosclerosis and cardiovascular
disease (1). The antiatherogenic function of apoA-I is mainly
related to its critical role in reverse cholesterol transport
during which apoA-I promotes phospholipid and cholesterol
efflux from tissues by binding to specific ATP binding
cassette (ABC) transporters, activates lecithin:cholesterol
acyltransferase (LCAT) to form HDL cholesterol esters
(CEs), binds to some lipid transfer proteins to transfer lipids
between lipoproteins and thus remodel them, and finally
binds to scavenger receptor class B type 1 (SR-B1) to
selectively deliver cholesterol and CE to the liver for
excretion into bile (2-4).

ApoA-I moves and exchanges among HDLs and triacylg-
lycerol (TAG)-rich lipoprotein particles such as very-low-
density lipoproteins (VLDLs) and chylomicrons (CMs)
during lipoprotein metabolism (5). It exists in at least three
states during metabolism: (a) lipid free or lipid poor in
plasma, (b) lipid bound on a discoidal nascent HDL particle
that consists of a bilayer of phospholipids and free cholesterol
stabilized by apoA-I, and (c) lipid bound at the surface of a
spherical lipoprotein particle (HDL or VLDL) that consists
of an apolar core of CEs and/or triglycerides (TGs) and a
surface of phospholipids and free cholesterol (6). The
conformational flexibility of apoA-I allows it to adapt to both
the polar environment in plasma and the apolar environment
on lipoprotein particles and is essential for its multiple
functions. It is believed that apoA-I interacts primarily with
the phospholipid hydrocarbon chains on discoidal HDL and
perhaps spherical HDL, and it is possible that it also interacts
with the hydrophobic core of HDL particles and with the
hydrophobic TG core of VLDLs and CMs.

ApoA-I has an N-terminal (1-43) domain encoded by
exon 3 followed by 10 11/22-mer tandem repeat amino acid
segments encoded by exon 4. These repeats are predicted to
form type A amphipathicR-helices (7, 8) that are thought
to serve as the lipid binding motif of apoA-I and act to
stabilize the lipoprotein surface. Sequence analysis (9),
crystal structures of truncated and full-length apoA-I (10,
11), and NMR assignments (12, 13) all confirm the high
R-helical content of apoA-I but differ somewhat on where
helical segments are positioned within the primary sequence.
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The predicted secondary structure of the N-terminal (1-43)
domain of apoA-I varies from a G* helix from residue 8 to
residue 33 (8) to three antiparallelâ-strands from residue
14 to residue 57 (9). However, a recent crystal structure of
apoA-I (11) shows that residues 10-39 form a single
amphipathic helix (helix A) packed in a four-helix bundle
with three exon 4 derived helices (helices B, C, and E) that
is very similar to the four-helix bundle formed by the
N-terminal of apoE (14).

How apoA-I interacts with phospholipids and combina-
tions of phospholipids together with hydrophobic core lipids
(TGs, CEs) has been widely studied (5, 15-21) using many
different approaches. Deletion mutations (22-24), synthetic
peptides encompassing specific regions (25-27), and “ideal-
ized” designed synthesized model peptides of apoA-I (28)
have been used to determine the affinity of different segments
of apoA-I when it binds to phospholipids. Such studies
suggest that different parts of the apolipoprotein might bind
with different affinities to lipid or lipoprotein surfaces (29,
30). It is generally agreed that the C-terminal region of
apoA-I (residues 185-243) has the highest affinity for
phospholipid and plays a critical role in initiating the lipid
binding (22, 29-32). The N-terminal amphipathic region of
exon 4 (residues 44-65) also has a high affinity for
phospholipids, while the middle region of apoA-I has a
significant but lower affinity (25). The N-terminal (residues
1-43) is thought to stabilize the lipid-free apoA-I conforma-
tion (33), while other research also showed that this region
also has a moderate phospholipid binding ability (26, 34).

Phospholipid monolayers spread at an air/water (A/W)
interface (25, 35-43) have been used as a unique model
system to study the interaction between apolipoproteins and
their peptides with phospholipids. The exclusion pressure
(Πe), i.e., the lowest surface pressure which prevents
penetration of the protein or peptide into a phospholipid
monolayer, was used to compare the peptide affinities to the
phospholipids. ApoA-I has aΠe of about 30 mN/m (35).
The Πe of eight synthesized tandem repeating 22-mer
domains of apoA-I at the egg phosphatidylcholine (PC) A/W
interface (25) showed that, among the 22-mers, the N- and
C-terminal peptides (44-65 and 220-241) exhibited the
highestΠe (28 and 30 mN/m), indicating higher affinity to
egg PC, while other central peptides exhibited lowerΠe

values (<23 mN/m), indicating lower affinity. A number of
consensus sequences of amphipathicR-helices modeling
different sequences of apolipoproteins (17, 18, 44) have been
investigated using theΠe technique as well.

Until now, only a few studies have concerned the surface
behavior of apolipoproteins or their consensus peptides on
oil/water (O/W) interfaces to mimic core lipid interfaces of
lipoproteins (43, 45-48). In a previous study (47), we
investigated the interfacial properties of apoA-I and a
synthesized consensus sequence peptide (CSP) of exchange-
able apolipoproteins at the triolein/water (TO/W) interface.
CSP consists of two 22-residue tandem repeat sequences
modeling the central domain of apoA-I. It is expected to
comprise two antiparallel 20-residue amphipathicR-helices
linked by a four-residue proline-containing turn and is an
idealized fundamental structural motif of exchangeable
apolipoproteins (9, 28). Our results clearly showed (47) that
both apoA-I and CSP bind strongly to the TO/W interface.
They desorbed from the saturated interface when compressed

and readsorbed when the surface was expanded. CSP was
ejected from the interface at about 16 mN/m (Πmax), while
some part of apoA-I was pushed off the interface at
∼15 mN/m (Πmax), and the entire protein was expelled above
∼19 mN/m (Πoff). This suggested that different parts of
apoA-I have different affinities for the triolein interface. In
addition, our study showed that apoA-I was more flexible
at the TO/W interface than CSP and showed more elasticity
even at large compression. We suggested that the apoA-I
flexibility and surface pressure mediated desorption and
readsorption probably provide lipoprotein stability during
metabolic remodeling reactions in plasma (47).

To understand more about the lipid association and
cooperation of different domains of apoA-I, we explored the
surface behavior of the N-terminal (1-44) peptide ([1-44]-
apoA-I) and the C-terminal (198-243) peptide ([198-243]-
apoA-I) at the TO/W interface. We measured and compared
the adsorption isotherms, desorption on compression, read-
sorption on expansion, and the elastic properties of both the
peptides. Such information will be helpful to understand the
structure of apoA-I on TAG-rich lipoprotein surfaces and
the structural changes that occur during remodeling of
lipoproteins in plasma.

EXPERIMENTAL PROCEDURES

Materials. The N-terminal peptide [1-44]apoA-I and the
C-terminal peptide [198-243]apoA-I of apoA-I were syn-
thesized at Quality Controlled Biochemical Inc. (Hopkinton,
MA) and purified to>95%. The purity was further verified
by mass spectroscopy. Stock solutions of both peptides (3-
5 mg/mL) were prepared in 2 mM pH 7.4 phosphate buffer.
At the peptide concentrations used in these experiments (1
× 10-7 to 2 × 10-5 M), [1-44]apoA-I appears to be
monomeric while [198-243]apoA-I is monomeric at low
concentration (<1 × 10-6M) and partly self-associated with
concomitant folding into anR-helix at higher concentrations
(26, 27). To measure the interfacial tension of the TO/W
interface with peptide, varied amounts of peptide stocks were
added to the aqueous phase to obtain different peptide
concentrations (from 1× 10-7 to 2 × 10-5 M). The pH of
the aqueous phase was kept at pH 7.4 with phosphate buffer
(2 mM). Triolein (>99% pure) was purchased from Nu-Chek
Prep, Inc. (Elysian, MN), and its interfacial tension was
32 mN/m. All other reagents were of analytical grade.

Interfacial Tension Measurement. The interfacial tension
of the TO/W interface in the presence of different amounts
of [1-44]apoA-I, [198-243]apoA-I, or a mixture of [1-44]-
apoA-I and [198-243]apoA-I in the aqueous phase was
measured with an I. T. Concept (Longessaigne, France)
Tracker oil-drop tensiometer (49). Triolein drops (16µL)
were formed in gently stirred pH 7.4 phosphate buffer
(6.0 mL) containing a given amount of [1-44]apoA-I, [198-
243]apoA-I, or a mixture of [1-44]apoA-I and [198-243]-
apoA-I. The interfacial tension (γ) was recorded continuously
until it approached an equilibrium level. The surface pressure
(Π) was obtained fromγ of the interface without peptide
(γTO) minusγ of the interface with peptide (γpep), i.e.,Π )
γTO - γpep. All experiments were carried out at 25( 0.1°C
in a thermostated system.

Estimation of the Surface Area per Molecule of Peptide.
The equilibrium interfacial tension (γ) was obtained for each
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concentration (c) of peptide in the aqueous phase. Thenγ
was plotted against lnc and fitted to a straight line. The
slope of the fitted line dγ/(d ln c) gives, according to the
Gibbs equation for the surface (50), the surface concentration
of an adsorbed molecule,Γ (mol/cm2) ) - (1/RT)(dγ/(d ln
c))TP. The surface area per molecule of peptide (S) was
calculated fromS (Å2/molecule) ) 1/(ΓN), where N )
Avogadro’s number.

Instant Compression and Expansion of the Interfaces.
Once γ approached an equilibrium level, the oil drop
(16 µL) was compressed by rapidly decreasing the volume
by as little as 12% (2µL) or up to 75% (12µL). The sudden
decrease in volume (V) instantaneously decreased the drop
surface area (A), resulted in a sudden compression, causing
γ to drop abruptly to a certain level,γ0, and generated an
instant surface pressure,Π0 ) γTO - γ0, whereγTO is the
surface tension of pure triolein (32 mN/m). The reduced
volume was held for several minutes andγ recorded
continuously. Then the surface was expanded by increasing
the drop volume back to the original volume and then holding
it constant for several minutes. After compression, if peptide
molecules readily desorbed from the surface,γ would rise
back toward the equilibrium value (the desorption curve).
After expansion, if peptide molecules adsorbed from the bulk
phase to adhere to the newly formed extra surface,γ would
drop back toward the equilibriumγ (the readsorption curve).

Value ofΠmax. To estimate the maximum pressure (Πmax)
that peptide could withstand without being ejected from the
interface, a series of compression and expansion experiments
at different compression and expansion ratios and over a wide
range of peptide concentration were carried out. The tension
changes (∆γ) over the compression period were plotted
against the instant pressure generated right after the compres-
sion (Π0), and the data were fitted to a straight line. The
intercept of the straight line at∆γ ) 0 gave theΠ at which
the peptide molecules showed no net adsorption or desorp-
tion; this isΠmax (47, 48).

Oscillation of the Interface and the Elasticity Analysis.
Two types of oscillations were used, oscillations starting at
equilibrium γ (γe) and continuous oscillations during the
adsorption. In equilibrium oscillations the drop volume
(16µL) was sinusoidally oscillated at varied amplitudes (12-
75%) and periods (4-128 s) afterγ reached an equilibrium
level (γe). In continuous oscillations the drop volume
(16µL) was sinusoidally oscillated at varied amplitudes (6-
25%) and periods (4-32 s) starting several seconds after
the drop was formed. While the mean tension (γ) fell toward

equilibrium, the area (A) and γ changes were followed as
the volume (V) oscillated. In the elasticity analysis, the
interfacial elasticity modulus (ε ) dγ/(d ln A)), the phase
angle (φ) between compression and expansion, and the
elasticity real part (ε′) and the elasticity imaginary part (ε′′)
were obtained (ε′ ) |ε| cosφ, ε′′ ) |ε| sinφ) (51, 52). From
the ε-Π plots, information about the binding and the state
of the surface can be gained.

In addition,Π-A plots were derived from the oscillations
corresponding to the oscillation cycles of the compression
and expansion. TheΠ-A plot for a pure elastic surface is a
linear curve. The compression and the expansion curves fall
on the same line, andφ is roughly 0. TheΠ-A plots for a
viscoelastic surface usually show a hysteresis between the
compression and expansion limbs. The more divergence
between the compression and the expansion (i.e., greater
phase angle,φ) the more viscous the surface.

RESULTS

Adsorption of [1-44]ApoA-I and [198-243]ApoA-I onto
the TO/W Interface. Parts A and B of Figure 1 are two typical
sets of interfacial tension-time curves of [1-44]apoA-I and
[198-243]apoA-I measured at varied peptide concentration
in the aqueous phase. Both peptides are surface active and
lowered the surface tension (γ) of the TO/W interface
(32 mN/m) to reach an equilibrium level. The equilibriumγ
was dependent on the peptide concentration in the aqueous
phase. The higher the peptide concentration, the lower the
equilibriumγ and the less time it took to reach equilibrium.
γ of the TO/W interface (32 mN/m) could be lowered by as
much as 15 mN/m with 9.7× 10-6 M [1-44]apoA-I in the
aqueous phase (curve not shown) and 17 mN/m with 9.3×
10-6 M [198-243]apoA-I in the aqueous phase (curve not
shown). The observation that [198-243]apoA-I could lower
γ more than [1-44]apoA-I at equivalent concentration
indicates that [198-243]apoA-I has a higher affinity for the
TO/W interface.

Surface Area per Molecule of [1-44]ApoA-I and [198-
243]ApoA-I. The equilibriumγ of [1-44]apoA-I (squares)
or [198-243]apoA-I (circles) was plotted against the natural
log peptide concentration (lnc), and the data were fitted to
a straight line (Figure 2). Usually an area between 14 and
25 Å2 per residue indicates that the helix is lying flat on the
A/W surface (35). Our results show that the value for [1-44]-
apoA-I is about 15 Å2 per residue, while that for [198-243]-
apoA-I is about 22 Å2 per residue. Both values are consistent
with the peptides lying flat on the TO/W surface.

FIGURE 1: Examples of the interfacial tension (γ) plotted against time of [1-44]apoA-I (A) and [198-243]apoA-I (B) at the TO/W interface.
A 16 µL triolein drop formed in 2 mM pH 7.4 phosphate buffer with different amounts of peptides. All experiments were carried out at 25
( 0.1 °C.
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Desorption, Readsorption, and theΠmax of [1-44]ApoA-
I and [198-243]ApoA-I at the TO/W Interface. Parts A and
B of Figure 3 are example curves for instant compression
and expansion of the interface at a given peptide concentra-
tion afterγ reached an equilibrium level. Figure 3A shows
an example for [1-44]apoA-I at a concentration of 6.1×
10-7 M. After γ approached an equilibrium level, the 16µL
triolein drop was compressed by decreasing the volume by
2, 4, 8, 10, and 12µL. Every instant compression madeγ
decrease, but thenγ rapidly returned to the equilibrium value.
The drop was then expanded to 16µL, and every expansion
madeγ increase immediately. Then it returned back to the
equilibrium value. Smaller compression induced a smaller
change inγ, while larger compression induced a slightly
greater fall inγ. At smaller compressions such as a 2µL
compression,γ dropped from 19.7 to 17.8 mN/m, while, at
bigger compressions such as a 12µL compression, the
tension dropped to 16.6 mN/m. The observation that after
every compressionγ decreased first and then returned back
to the equilibrium value very quickly indicated that the

peptide rapidly desorbed from the surface on rapid compres-
sion. On the other hand, expansion after a bigger compression
induced a larger increase inγ. When the surface was
reexpanded after a large compression,γ rose to a value
almost as high as that of an almost empty interface
(∼32 mN/m) and then dropped to the equilibrium level again.
For example, on expansion from 4 to 16µL γ immediately
rose to 29.6 mN/m and then gradually dropped back to
19.7 mN/m. This indicated that most of the [1-44]apoA-I
was pushed off the interface by the 12µL compression. For
example, reducing the dropV from 16 to 4µL reduced the
dropA by 54%. Thus, whenγe was reached after compres-
sion, only about 46% of the molecules were left on the
surface, so that when the surface was expanded to 16µL,
the empty space allowed the peptide to readsorb from the
aqueous phase. The tension never fell more than∼3 mN/m
even at the largest compression, indicating that the peptide
was being expelled from the interface even during the rapid
compression.

[198-243]ApoA-I behaved in a similar way (Figure 3B).
The [198-243]apoA-I concentration in Figure 3B was 5.8
× 10-7 M. At smaller compressions (2µL) little change in
the tension was detected, while at bigger compressions
(12 µL) the tension dropped from 16.0 to 13.7 mN/m. When
expanded from 4 back to 16µL, γ rose to 29.1 mN/m and
then fell back toward the equilibriumγ. This result suggests
that, like [1-44]apoA-I, [198-243]apoA-I is also very easily
ejected from the interface on compression and rapidly
readsorbed when the surface is expanded.

Instant compression followed by reexpansion measure-
ments were made at varied peptide concentrations to get the
Πmax values for both peptides. Figure 4 shows thatΠmax of
[1-44]apoA-I is 13.2 mN/m andΠmax of [198-243]apoA-
I is 16.2 mN/m. A higherΠ is needed to push off [198-
243]apoA-I, indicating that [198-243]apoA-I binds to the
triolein/water interface more tightly.

Oscillations and Elasticity Analysis of [1-44]ApoA-I and
[198-243]ApoA-I. Both equilibrium and continuous oscil-
lation experiments of [1-44]apoA-I and [198-243]apoA-I
at several peptide concentrations and different oscillation
conditions (amplitudes and periods) were carried out. Figure
5A shows a set ofΠ-A curves of [198-243]apoA-I which

FIGURE 2: Equilibrium interfacial tension (γ) plotted against the
natural logarithm of the molar concentration of [1-44]apoA-I
(squares) and [198-243]apoA-I (circles) in the aqueous phase. Each
point is a separate experiment. Several experiments were carried
out at each concentration. The surface area for [1-44]apoA-I was
estimated at∼15 Å2/aa and for [198-243]apoA-I at∼22 Å2/aa at
the TO/W interface.

FIGURE 3: Examples of desorption and readsorption curves of
[1-44]apoA-I (A) and [198-243]apoA-I (B) at the TO/W interface.
A 16 µL triolein drop was compressed at different ratios from 12%
to 75% (from 9% to 54% in area) and then after several minutes
reexpanded back to the original volume, 16µL. (A) [1-44]ApoA-
I was 6.1× 10-7 M in the aqueous phase. (B) [198-243]ApoA-I
was 5.8× 10-7 M in the aqueous phase.

FIGURE 4: Πmax of [1-44]apoA-I and [198-243]apoA-I at the
TO/W interface. The interface was suddenly compressed to pressure
Π0 and the change in the interfacial tension (∆γ) followed for
several minutes.∆γ was plotted againstΠ0, and the data were fitted
to a straight line. The intercept of the fit lines at∆γ ) 0 gives
Πmax at which peptides show no net desorption or adsorption.Πmax
of [1-44]apoA-I at the TO/W interface is 13.2 mN/m, whileΠmax
of [198-243]apoA-I at the TO/W interface is 16.2 mN/m.
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were derived from the oscillations at 16( 2 µL and periods
from 4 to 64 s. Only at short periods of 4 and 8 s wereΠ-A
curves linear, suggestive of an elastic surface, while at longer
periods, hysteresis between the compression and the expan-
sion limbs was present, which indicated a viscoelastic
surface. Figure 5B shows similar trends in a set ofΠ-A
curves of [1-44]apoA-I that were derived from the oscil-
lations at 16( 2 µL and periods from 4 to 16 s. Plots derived
from larger amplitude (16( 4, 8, and 12µL) oscillations
for both peptides showed a much bigger hysteresis, indicating
a more viscous component was added to the system (data
not shown).

Oscillations at different amplitudes, different periods, and
varied peptide concentrations were carried out thoroughly.
The elasticity analysis data for [1-44]apoA-I at 2.6× 10-7

M are listed in Table 1, while the data for [198-243]apoA-
I at 2.3× 10-7 M are listed in Table 2. In comparison with
other peptides (the consensus sequence peptide of apoB, P12,
P27, and the consensus peptide of apoA-I, CSP) and proteins
(apoA-I and apoB) that we have studied (45-48), both
[198-243]apoA-I and [1-44]apoA-I have a relatively low
modulus (<15 and<35 mN/m, respectively) with a relatively
large phase angle (over 40° in some cases), which indicates
that both [198-243]apoA-I and [1-44]apoA-I behaved in
a rather viscoelastic manner. Only at very short periods (4
or 8 s) and a very small area change (<8%) did the peptides
show elastic behavior (phase angles<10°). However, both
[1-44]apoA-I and [198-243]apoA-I still roughly follow the
rules we established in our previous studies (45, 47) that
the bigger the amplitude, the longer the period, the smaller

FIGURE 5: Surface pressure (Π) versus area plots of [198-243]apoA-I (A) and [1-44]apoA-I (B) at the TO/W interface. After the equilibrium
tension (γe) was reached, a 16µL triolein drop was oscillated at 16( 2 µL and different periods from 4 to 64 s. (A) The concentration of
[198-243]apoA-I in the aqueous phase was 2.3× 10-7 M. (B) The concentration of [1-44]apoA-I in the aqueous phase was 2.6× 10-7

M.

Table 1: Dynamic Interfacial Properties of [1-44]ApoA-I at the TO/W Interfacea

V + ∆V (µL)
(design)

V + ∆V (µL)
(actual)

A + ∆A
(mm2)

change
in A (%)

period
(s)

meanγ
(mN/m)

ε

(mN/m)
φ

(deg)
ε′

(mN/m)
ε′′

(mN/m)

16 ( 2 16.3( 0.7 30.5( 0.9 (3.0 4 20.2 33.4 -1.3 33.4 -0.8
16 ( 2 15.8( 1.4 30.0( 1.7 (5.7 8 20.6 29.5 8.4 29.1 4.3
16 ( 2 16.0( 1.6 30.0( 2.0 (6.7 16 21.1 25.7 14.6 24.9 6.5
16 ( 2 16.2( 1.9 29.8( 2.4 (8.1 32 19.5 21.4 20.9 20.0 7.6
16 ( 2 16.2( 1.9 39.9( 2.4 (8.0 128 18.9 13.0 43.5 9.4 8.9
16 ( 4 16.1( 1.7 30.1( 2.2 (7.3 8 21.0 27.9 6.8 27.6 3.3
16 ( 4 16.0( 3.0 29.8( 3.8 (12.8 16 21.5 23.1 10.3 22.7 4.1
16 ( 4 16.2( 3.4 29.7( 4.3 (14.5 32 20.2 21.4 14.1 20.7 5.2
16 ( 4 16.2( 3.4 29.7( 4.3 (14.5 128 19.5 15.7 34.3 12.9 8.8

a All oscillation experiments were carried out on the TO/W interface in 2 mM pH 7.4 phosphate buffer at 25( 0.1 °C. [[1-44]apoA-I] ) 2.6
× 10-7 M. Definitions: V, initial drop volume;∆V, oscillation amplitude; meanγ, mean interfacial tension of near-equilibrium oscillation;ε,
viscoelastic modulus;φ, viscous phase angle, a phase difference between dγ and dA; ε′, elastic component, the real part of the modulus;ε′′, viscous
elastic component, the imaginary part of the modulus.

Table 2: Dynamic Interfacial Properties of [198-243]ApoA-I at the TO/W Interfacea

V + ∆V (µL)
(design)

V + ∆V (µL)
(actual)

A + ∆A
(mm2)

change
in A (%)

period
(s)

meanγ
(mN/m)

ε

(mN/m)
φ

(deg)
ε′

(mN/m)
ε′′

(mN/m)

16 ( 2 16.2( 0.9 29.5( 1.1 (3.7 4 16.6 14.6 -5.3 14.5 -1.4
16 ( 2 16.4( 1.4 29.8( 1.8 (6.0 8 17.0 14.5 1.7 14.5 3.70.4
16 ( 2 15.8( 1.8 29.0( 2.2 (7.6 32 17.0 11.2 16.0 10.8 4.03.1
16 ( 2 16.3( 1.8 29.6( 2.6 (8.8 64 17.0 10.2 20.1 9.5 3.5
16 ( 4 15.8( 1.8 28.8( 2.3 (8.0 8 17.1 13.8 3.6 13.8 0.9
16 ( 4 16.4( 3.4 29.3( 4.4 (15.0 32 17.7 13.0 12.0 12.7 2.7

a All oscillation experiments were carried out on the TO/W interface in 2 mM pH 7.4 phosphate buffer at 25( 0.1 °C. [[198-243]apoA-I] )
2.3 × 10-7 M. Definitions: V, initial drop volume;∆V, oscillation amplitude; meanγ, mean interfacial tension of near-equilibrium oscillation;ε,
viscoelastic modulus;φ, viscous phase angle, a phase difference between dγ and dA; ε′, elastic component, the real part of the modulus;ε′′, viscous
elastic component, the imaginary part of the modulus.
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the modulus, and the bigger the phase angle, indicating a
relatively more viscous system.

The simplest explanation for the nonelastic part of the
modulus or imaginary elastic modulus (ε′′) is that the peptide
is pushed off the surface on compression and readsorbs in
expansion soAΓ is not constant as it should be in an elastic
surface.

The modulus versus surface pressure (ε-Π) plots were
derived from continuous oscillations for [198-243]apoA-I
(Figure 6A) and [1-44]apoA-I (Figure 6B), corresponding
to oscillations at varied amplitudes and varied periods. For
each peptide, despite different amplitudes and periods, the
ε-Π plots were similar. However, the plots were different
between the two peptides, which indicates that the two
peptides behave differently at the TO/W interface. There are
two regions on the [198-243]apoA-I plots (Figure 6A).
When the surface pressure is between 0 and 11 mN/m, the
plot is linear and shows a 2:1 modulus (ε) to pressure (Π)
ratio, a ratio characteristic of an elastic surface (51, 52).
However, when the pressure is greater than 12 mN/m,ε

decreases sharply, indicating a major change at the interface.
We speculate that since the C-terminal peptide self-associates
at high concentrations in the bulk aqueous phase that
compression at pressures beyond about 10 mN/m may cause
some surface self-association and give rise to a collapselike
phenomenon of aggregates between 10 and 15 mN/m before
being ejected from the surface. This change is not seen on
the [1-44]apoA-I plots (Figure 6B). [1-44]ApoA-I simply
shows a linear change with the ideal 2:1 ratio for an elastic
surface till the pressure reaches 10 mN/m. At 12 mN/m, the
molecules were pushed off the surface with the highΠ end
of each oscillation and were lost from the surface.

Adsorption of Mixtures of [1-44]ApoA-I and [198-243]-
ApoA-I onto the TO/W Interface.To investigate how [1-44]-
apoA-I and [198-243]apoA-I interact with each other on
the TO/W interface, we added equal amounts of [1-44]-
apoA-I and [198-243]apoA-I (1.2× 10-6 M each) to the
aqueous phase and compared theγ-time curves with those
of the individual peptides. Figure 7 shows the tension-time
curves of [1-44]apoA-I (1.2× 10-6 M), [198-243]apoA-I
(1.2× 10-6 M), and the mixture of [1-44]apoA-I and [198-
243]apoA-I. By 90 s,γ fell to 19.0 mN/m with [1-44]apoA-
I (curve a), while [198-243]apoA-I loweredγ to 15.9 mN/m
by 160 s (curve b). The mixture of [1-44]apoA-I and [198-
243]apoA-I lowered the tension to 15.7 mN/m (curve c).
In the first part of curve c, the tension fell rapidly to

∼18.5 mN/m. The shape and the slope of the curve in this
part are very similar to those of the first part of curve a.
Then the tension fell slowly with a shape and slope similar
to those of the same part in curve b. Finally, curve c reached
equilibrium at the same level as curve b. This result suggests
that when the mixture of [1-44]apoA-I and [198-243]apoA-
I was added to the aqueous phase, [1-44]apoA-I adsorbed
more rapidly onto the interface and loweredγ toward
∼19 mN/m, and then [1-44]apoA-I was displaced by [198-
243]apoA-I, causingγ to fall gradually to the equilibrium
tension of [198-243]apoA-I. This is consistent with [198-
243]apoA-I having a higher affinity for the TO/W interface,
displacing [1-44]apoA-I with time. In other words, [1-44]-
apoA-I adsorbs onto the interface faster, while [198-243]-
apoA-I makes the interface more stable.

Instant compression and expansion experiments with the
mixture of [1-44]apoA-I and [198-243]apoA-I in the
aqueous phase were carried out, and theΠmax value was
measured. The data points of the∆γ-Π0 curve for the
mixture were very similar to those for [198-243]apoA-I (see
Figure 4) and different from those for [1-44]apoA-I (data
not shown). Elasticity analysis by equilibrium oscillations
for the mixture was also similar to that of [198-243]apoA-
I but not that of [1-44]apoA-I. These results suggest that
the interface was occupied with [198-243]apoA-I when it
reached an equilibrium level.

FIGURE 6: Elasticity modulus (ε) versus surface pressure (Π) plots for [198-243]apoA-I (A) and [1-44]apoA-I (B) at TO/W interface.
Data derived from continuous oscillations at varied amplitudes and periods are very similar for the same peptide but are different between
[1-44]apoA-I and [198-243]apoA-I. (A) [198-243]apoA-I was 2.3× 10-7M in aqueous phase; (B) [1-44]apoA-I was 2.6× 10-7M in
aqueous phase.

FIGURE 7: Interfacial tension versus time curves for [1-44]apoA-
I, [198-243]apoA-I, and the mixture of [1-44]apoA-I and [198-
243]apoA-I. (a) [1-44]ApoA-I was 1.2× 10-6 M in the aqeous
phase. (b) [198-243]ApoA-I was 1.2× 10-6 M in the aqeous
phase. (c) Equal amounts of [1-44]apoA-I (1.2× 10-6 M) and
[198-243]apoA-I (1.2× 10-6 M) were mixed together in the
aqueous phase. The inset shows the tension versus time curves in
the 0-200 s region.
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DISCUSSION

The lipid binding functions of apoA-I and individual
segments of apoA-I suggest that different parts of this
apolipoprotein might bind with different affinities to lipid
or lipoprotein surfaces (29-33, 47).

First, lipid monolayers spread at an A/W interface have
been used to study the affinity of apolipoproteins and their
fragment peptides for various phospholipid or phospholipid/
cholesterol monolayers (25, 35-43). This technique models
binding of peptides to a flat putative lipoprotein surface and
gives an important assessment of peptide penetration into
and binding to the monolayer. The N-terminal 1-33 aa
region with aΠe of 27 mN/m shows a moderate lipid binding
affinity to the egg PC monolayer, while the C-terminal [220-
241]apoA-I binding is greater (30 mN/m). While the N- and
C-terminal are shorter than those studied in this work, the
trend is similar; i.e., the C-terminal binds more strongly than
the N-terminal (25, 34).

A second technique mixes peptide with multilamellar
surface lipid vesicles, follows the rate of clearing, and
observes the size and shape and the inferred structure of the
stabilized particles (5, 15-21). These studies give informa-
tion about the kinetics of interaction and the type of particle
formed. Zhu and Atkinson (26, 27) demonstrated that [1-44]-
apoA-I interacts with dimyristoylphosphatidylcholine (DMPC)
over a wide range of lipid:peptide ratios to form∼100 Å
diameter disklike particles that coexist with a heterogeneous
population of lipid vesicles at high ratios. Compared to the
unfolded structure in solution, [1-44]apoA-I has 60%
R-helical content on both the disklike particles and vesicles.
In contrast, the C-terminal [198-243]apoA-I showed a very
strong affinity for DMPC and formed two sizes of discoidal
HDL-like particles(110 and 165 Å) depending on the initial
lipid:peptide ratio. Both complexes are similar to those of
plasma apoA-I/DMPC complexes, which suggests that the
C-terminal peptide may be responsible for apoA-I function
in the formation and maintenance of HDL subspecies in
plasma.

A third strategy uses preformed lipid emulsions of defined
composition and size as model lipoproteins to study peptide
binding (5, 29, 30). This has the advantage that the model
emulsions contain core molecules (e.g., TAG or CE) as well
as surface molecules. The idea that certain domains of an
apolipoprotein might desorb leaving another domain attached
(53) was tested on egg phosphatidylcholine (EYPC)/TO
emulsions for apoE-4 (54). Saito et al. showed that both N-
and C-terminals of apoE-4 were bound to EYPC/TO emul-
sions at low protein saturation but that the N-terminal
detached at high protein concentration, leaving the peptide
attached by the C-terminal. We suggested that the N-terminal
desorption might be mediated by an increased surface
pressure produced by an increase in peptide concentration
at the EYPC/TO interface (47), but the changing surface
pressure is difficult to estimate in emulsion systems (47, 55).
A similar concept of N-terminal dissociation has been put
forward for apoA-I (29, 30).

It is reasonably assumed that apoA-I and other apolipo-
proteins interact with the surface-located phospholipids, but
it is also possible that they interact with core molecules such
as TAG or CE. Certainly, when the number of surface lipid

molecules is too small to adequately cover the core, then
apolipoproteins must fill in to stabilize the surface.

Until recently, most of the quantitative research on
apolipoproteins on interfaces has been carried out at the A/W
interface. Only a few studies have looked at surface behavior
of apolipoproteins or their consensus peptides on the O/W
interfaces to mimic core lipid interfaces of lipoproteins (43,
45-48). Using a novel surface technique of oil drop
tensiometry, we have studied the interfacial properties of
apoA-I and a synthesized 44-residue CSP modeling the exon
4 domain of apoA-I at the TO/W interface (47) and at
dodecane/water (DD/W) and A/W interfaces (45). We
measured the adsorption isotherms, studied the desorption
and readsorption behaviors, and analyzed the elasticity
properties of apoA-I and CSP to describe how they interact
with hydrophobic interfaces (TO/W, A/W, and DD/W). Our
results (47) showed that CSP binds strongly to these surfaces
but is pushed off at high pressure (Πmax ) 16 mN/m for
TO/W). ApoA-I also binds to the TO/W interface. A part of
apoA-I is expelled from the surface at∼15 mN/m but can
snap back on rapidly. The whole apoA-I molecule desorbed
into the aqueous solution when compressed above 19 mN/
m. Furthermore, apoA-I showed greater elasticity on the
surface than CSP, indicating a great flexibility. Therefore,
apoA-I has different parts which bind more or less tightly
to the surface, which allows it a great flexibility over a fairly
narrow surface pressure range (15-20 mN/m). We suggested
that the apoA-I flexibility and surface pressure mediated
desorption and readsorption probably provide lipoprotein
stability during metabolic remodeling reactions in plasma.

To continue to explore the interaction between different
domains of apoA-I and a lipoprotein corelike interface (TO/
W), we studied the surface behavior of the exon 3 coded
N-terminal peptide [1-44]apoA-I and the C-terminal peptide
[198-243]apoA-I and compared them to CSP and the whole
apoA-I.

Our studies show that both N- and C-terminal peptides
are surface active and lower the interfacial tension of the
TO/W interface in a time- and concentration-dependent
fashion (Figure 1). At each given concentration an equilib-
rium γ is reached that decreases with the natural log of the
concentration in a linear fashion that allows the interfacial
concentration and area for the peptides to be estimated from
the Gibbs absorption isotherm (see the Experimental Pro-
cedures). Both peptides have reasonable surface areas of∼15
and∼22 Å2 per amino acid for [1-44]apoA-I and [198-
243]apoA-I, respectively (Figure 2). These areas are in the
same range as those measured by several other studies (45)
and are consistent with the area ofR-helices lying flat on an
interface. [198-243]ApoA-I, however, is more surface active
and has a higher affinity to the TO/W interface than [1-44]-
apoA-I. It lowers the interfacial tension at its maximum
concentration (∼9.7 × 10-6 M) to about 15 mN/m, while
[1-44]apoA-I does not fall below 17 mN/m at an equivalent
concentration (∼9.3 × 10-6 M).

Both [1-44]apoA-I and [198-243]apoA-I desorbed rap-
idly from the interface upon instant compression as shown
by the rapid return to the equilibriumγ. Upon instant
expansion they readsorbed to the interface rapidly to
reestablish the equilibriumγ (Figure 3). Following a large
compression (12µL, ∼54% in area), reexpansions causedγ
to rise to ∼30 mN/m, indicating a very low surface
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concentration. This means that a large fraction of the peptide
was pushed off the surface at the compression stage. Upon
compression of both peptides, the tension did not drop much
from equilibrium and returned back to equilibrium very
quickly, indicating a very fast desorption process to maintain
an equilibrium surface with the same surface concentration.
In our previous study (47), CSP and apoA-I showed very
different desorption curves, in which the tension dropped
first and then rose more slowly back to a certain level but
not to the equilibrium level within 10 min after compression.
This suggests that CSP and apoA-I could stay compressed
on the surface with a higher surface concentration, while
[1-44]apoA-I and [198-243]apoA-I cannot stand a com-
pression state beyond their equilibriumγ and are more easily
pushed off the surface.

[1-44]ApoA-I and [198-243]apoA-I differ in the de-
sorption process in terms of theΠmax value, the pressure at
which the peptide begins to be forced off the surface into
the aqueous phase.Πmax of [198-243]apoA-I is about
3 mN/m higher than that of [1-44]apoA-I (16.2 vs 13.2 mN/
m). Thus, [1-44]apoA-I is a good candidate for early
detachment from the lipoprotein as the pressure moves above
13 mN/m, whereas [198-243]apoA-I appears to remain
bound at relatively higher pressures.

The adsorption isotherm of the mixture of an equal amount
of [1-44]apoA-I and [198-243]apoA-I showed a combined
behavior of the two (Figure 7). It appears that the [1-44]-
apoA-I bound more quickly to the TO/W interface and then
was replaced by [198-243]apoA-I within 2 min. There is
no evidence that [198-243]apoA-I and [1-44]apoA-I
interacted with each other. Data on desorption and read-
sorption, theΠmax value, and elasticity analysis (data not
shown) of the mixture of the two peptides are all consistent
with the suggestions that [198-243]apoA-I is more stable
on the interface than [1-44]apoA-I.

[1-44]ApoA-I and [198-243]apoA-I also present some-
what differentε-Π plots derived from continuous oscillation
experiments. The maximumε occurs for both at aΠ of
∼12 mN/m, butε is significantly greater for [1-44]apoA-I
than [198-243]apoA-I (∼33 vs 20 mN/m). Since [1-44]-
apoA-I has a higher surface density (1 aa/15 Å) than [198-
243]apoA-I (1 aa/22 Å), an equal increase inΠ should give
rise to a largerε for the N-terminal. At pressure up to
∼10 mN/m both peptides behave elastically and have a dε/
dΠ ≈ 2. Above 10 mN/m theε of [1-44]apoA-I rose
abruptly to ∼33 mN/m, while that of [198-243]apoA-I
plateaus at∼20 mN/m and then falls at higher pressures,
suggesting some nonelastic change in the surface. We noted
that, in solution, at a concentration of (2.3-2.6) × 10-7 M
both peptides are monomeric, but [198-243]apoA-I tends
to self-associate at concentrations above 1× 10-6 M, while
[1-44]apoA-I is monomeric up to almost 1× 10-4 M (26,
27). It is possible that when [1-44]apoA-I and [198-243]-
apoA-I bind to the TO/W interface, [1-44]apoA-I remains
monomeric while [198-243]apoA-I molecules interact with
each other to form surface aggregates when the surface
concentration is increased asΠ becomes greater than
∼10 mN/m. This putative surface-peptide interaction might
explain the collapselike region betweenΠ ) 12 mN/m and
Π ) 16 mN/m seen in theε-Π plot (Figure 6A) of [198-
243]apoA-I.

At surface saturation, [1-44]apoA-I and [198-243]apoA-
I are both rather inelastic and easy to displace from the
surface, while apoA-I is more elastic and flexible (47). Both
[1-44]apoA-I and [198-243]apoA-I tend to have larger
phase angles and smaller modulus at similar changes in area
compared to apoA-I.

Part of the different behaviors of [1-44]apoA-I and [198-
243]apoA-I at the interface can be explained by the differ-
ences in the change in surface free energy which occurs when
the peptides bind to the TO/W interface. At the peptide
concentrations used in these experiments (1× 10-7 to 2 ×
10-5 M), [1-44]apoA-I appears to be monomeric, while
[198-243]apoA-I is monomeric at low concentration (<1
× 10-6 M) and partly self-associates with concomitant
folding into anR-helix at higher concentrations (26, 27). The
surface tension (γ) of the TO/W interface (∼32 mN/m) is
reduced when the peptide binds, and the change in free
energy can be roughly estimated from∆∆GTO ) (∆γ)(∆A),
where∆γ is the change inγ from that of a pure TO surface
(32 mN/m) to theγ with peptide bound to the TO surface.
The increment in area (∆A) can be estimated by the surface
area occupied by the amphipathicR-helix at the interface,

FIGURE 8: Amino acid sequence, structure (A), andR-helical wheel
(B) of residues 1-44 of apoA-I. The structure of residues 1-44
was adapted from the crystal structure of full-length apoA-I (11)
and presented in Swiss-PDBViewer. According to the crystal
structure determination (11), [1-44]apoA-I contains anR-helical
structure from 10 to 39, so theR-helical wheel was drawn for
residues 10-39. The hydrophobic residues are in yellow, the basic
residues are in blue, the acidic residues are in red, and all other
residues are without color. The mean∆G for moving the hydro-
phobic face from the water phase to the oil phase (∆GWfO) was
calculated on the basis of this helical structure from residues 10 to
39 and is-1.47 kcal/mol.
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which varies between 15 and 22 Å2/residue depending on
the experiments. When theR-helical peptide is bound to the
interface, the amino acids on its hydrophobic face bind to
the hydrophobic TO surface. If we assume that roughly half
of the amino acids are on the hydrophobic surface, each
hydrophobic residue would occupy roughly 30 Å2 at the TO
interface. Thus, for every hydrophobic residue binding to
the TO surface, we would lose∼30 Å2 of the TO/W interface
(i.e., ∆A ≈ 30 Å2). Note that 30 Å2 also corresponds to the
approximate area of one oleate chain in TO at the A/W
interface. As a first approximation for [1-44]apoA-I, the
minimum surface tension is 17 mN/m, which gives a∆γ of
-15 mN/m. Therefore, the change in free energy in the TO
surface on binding of the peptide (∆∆G) would be
-0.65 kcal per hydrophobic amino acid residue (30 Å2). For
[198-243]apoA-I,∆γ is -17 mN/m, which gives a∆∆G
of -0.74 kcal/30 Å. Thus,∆∆G is slightly more favorable

for [198-243]apoA-I than [1-44]apoA-I. To estimate the
total energy change on binding, the fact that the hydrophobic
amino acids on the putative hydrophobic face are exposed
to water in the bulk aqueous system at concentration
<10-6 M must be considered. If these amino acids are
transferred to an oily interface (e.g., TO) and form an
amphipathic R-helix, the total free energy of peptide
interfacial binding will be reduced further by removing these
hydrophobic residues from water. As a rough approximation
one can sum the individual free energies for transfer of
hydrophobic residues from water to oil (∆GWfO) for all of
the amino acids in the putative hydrophobic face of the helix
and divide by the number of residues (56). According to the
crystal structure of the full-length apoA-I (11), residues 10-
39 form anR-helix structure (Figure 8), giving about 65%
helix for [1-44]apoA-I. Thus, for [1-44]apoA-I such a
calculation yields∆GWfO ) -1.47 kcal/mol of hydrophobic

FIGURE 9: Amino acid sequence, secondary structures, andR-helical wheels of whole and partial segments in the C-terminal residues
198-243 of apoA-I. The structures of each helix in (A)-(C) were adapted from the crystal structure of full-length apoA-I (11) and presented
in Swiss-PDBViewer. Secondary structures in (F) and (G) were modeled by using Swiss-PDBViewer. Helical wheels were drawn on the
basis of differentR-helical segments in the crystal (11), and∆G for moving the hydrophobic face from the water phase to the oil phase
(∆GWfO) was calculated accordingly. In helical wheel plots, the hydrophobic residues are in yellow, the basic residues are in blue, the
acidic residues are in red, and all other residues are without color. (A) Structure of the C-terminal of apoA-I from residue 198 to residue
243 in the crystal (11). The hydrophobic residues are shown as sticks and reside between the two helix bundles. (B) Structure of the first
R-helix from residue 198 to residue 213. (C) Structure of the secondR-helix from residue 219 to residue 242. (D) Helical wheel for the
helical structure from residue 198 to residue 213.∆GWfO for this helix is-2.32 kcal/mol. (E) Helical wheel for the helical structure from
residue 219 to residue 242.∆GWfO for this helix is-2.79 kcal/mol. (F) Structure modeled as the two-helix bundle between residue 198
and residue 242 opened up as if bound to lipids. (G) Structure modeled assuming that residues from 198 to 242 form a longR-helical
structure. (H) Helical wheel assuming helical structure from residue 198 to residue 242 as modeled in (G). This shows a long, type A
amphipathicR-helix with a ∆GWfO of -2.55 kcal/mol.
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face residues. Assuming that [198-243]apoA-I is a single,
long amphipathic helix (Figure 9G,H), the∆GWfO of [198-
243]apoA-I is-2.55 kcal/mol of hydrophobic face residues
or somewhat more favorable than that for [1-44]apoA-I.
The total free energy involves the energy gained on removing
the 30 Å2 of pure triglyceride surface from water and
covering it with peptide plus the favorable energy obtained
by removing the hydrophobic residues from the aqueous
phase and placing them in the oily triglyceride surface.
Therefore, the total energy gained from [1-44]apoA-I would
be approximately-2.1 kcal/mol of hydrophobic amino acids,
and that for [198-243]apoA-I would be about-3.3 kcal/
mol. Thus, there is a significant difference in calculated
favorable energies produced when these peptides bind to the
surface. [198-243]ApoA-I binding is clearly energetically
more favorable. The differences in the energies probably
partly account for the greater pressure (Πmax) needed to push
[198-243]apoA-I off the interface. It also explains how
[198-243]apoA-I can displace the N-terminal peptide at the
TO/W interface.

We have shown (47) that apoA-I compressed at the TO/W
interface starts to be partially displaced at a pressure slightly
under 15 mN/m, but cannot be totally ejected from the
triolein interface until the pressure is greater than 19 mN/m.
We would suggest that one of the first amphipathic regions
to be ejected during pressure changes in lipoprotein interfaces
involving apoA-I adsorption to core lipids would be the
N-terminal, while the C-terminal may serve to partly anchor
remaining protein to the interface until higher pressures are
reached. The crystal structure of apoA-I by Agees et al. (11)
shows that the N-terminal [1-44]apoA-I is mainly in an
amphipathicR-helical conformation forming helix A (resi-
dues 10-39) of the N-terminal four-helix bundle(Figure 8).
The hydrophobic faces of the four helices (A-D) are packed
in the center of the bundle and would have to disaggregate
to bind lipid. ApoA-I was crystallized with Cr(acac)3 (11).
This molecule, chromium(III) tris(acetylacetonate), presents
a hydrophobic surface. Cr(acac)3 links leucines 218, 219,
and 222, which lie between C-terminal helices E and F, to
two other apoA-I molecules to form an apoA-I trimer as part
of the unit cell (11). The conformation of the C-terminal in
the crystal shows tight interaction between hydrophobic faces
(Figure 9A) made up of two amphipathic helices (E, F) that
pack on one another. Would this conformation exist in the
absence of Cr(acac)3? To bind lipid, helices E and F must
open up to expose their hydrophobic side to lipid. While
the two helices might act separately (Figure 9B,C,F), it is
possible that the C-terminal 196-243 in solution might form
a single helix incorporating L218, L219, and L222 as part
of one long helix (Figure 9G). Helical wheel plots (Figure
9D,E) of the E and F helices show them to be relatively
good amphipathic helices with a moderate tendency toward
the A type. However, the leucines in the F helix (L219, L230)
appear to fall into the polar region and thus would be exposed
to solvent. A plot of the entire C-terminal from 196 to 243
as a continuous helix (Figure 9H) shows a relatively striking
amphipathic helical wheel with one very hydrophobic face
subtending about 120°. Two prolines appear on the hydro-
philic face, both of which were present in the crystalline E
and F helices (Figure 9D,E). We speculate that a long single
helix is formed which is the motif that binds at the TO/W
interface.

In summary, both [1-44]apoA-I and [198-243]apoA-I
are surface active at the TO/W interface. [198-243]ApoA-
I is more stable at the TO/W interface. Both peptides desorb
from the interface when compressed, but [1-44]apoA-I is
more easily pushed off the interface withΠmax of 13 mN/m,
while [198-243]apoA-I can stand a higher pressure of 16
mN/m. Neither peptide is very elastic or flexible at the
interface. Only at small changes of area (<8%), very fast
oscillations (4 and 8 s periods), and relatively low concentra-
tions (2× 10-7 M) do these peptides show a small phase
angle indicating a limited elastic behavior but with a
relatively small modulusε compared to those of apoA-I and
CSP (47). When mixed together, they do not appear to
interact with each other on the surface. [1-44]ApoA-I binds
more rapidly but is apparently replaced by [198-243]apoA-
I within 2 min. They show different adsorption processes.
We suggest that when apoA-I detaches from lipoprotein
surfaces during lipid metabolism, the N-terminal might be
the first part to detach, while the C-terminal will stay on the
interface and only detaches at higher pressure at a later stage.
Thus, different domains of apoA-I adsorb and desorb upon
varied pressure and cooperate with each other to make
apoA-I a very flexible protein with multiple functions, one
of which is to stabilize surface pressure within a limited range
as lipids move in and out of the lipoprotein surface.
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