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ApoA-I contains a tandem array of amphipathic helices with
varying lipid affinity, which are critical in its ability to bind and
remove lipids from cells by the ABCA1 transporter. In this study,
the effect of asymmetry in the lipid affinity of amphipathic helices
in a bihelical apoA-I mimetic peptide, 37pA, on lipid efflux by the
ABCAL1 transporter was examined. Seven peptide variants of 37pA
were produced by substituting a varying number of hydrophobic
amino acids for alanine on either one or both helices. The 5A pep-
tide with five alanine substitutions in the second helix had
decreased helical content compared with 37pA (5A, 12 * 1% helic-
ity; 37pA, 28 = 2% helicity) and showed less self-association but,
similar to the parent peptide, was able to readily solubilize phos-
pholipid vesicles. Furthermore, 5A, unlike the parent peptide
37pA, was not hemolytic (37pA, 27 = 2% RBC lysis, 2 h, 18 um).
Finally, the 5A peptide stimulated cholesterol and phospholipid
efflux by the ABCA1 transporter with higher specificity (ABCA1-
transfected versus untransfected cells) than 37pA (5A,9.7 = 0.77%,
18 h, 18 um versus 1.5 = 0.27%, 18 h, 18 um (p < 0.0001); 37pA,
7.4 * 0.85%, 18 h, 18 um versus 5.8 = 0.20%, 18 h, 18 um (p = 0.03)).
In summary, we describe a novel bihelical peptide with asymmetry
in the lipid affinity of its helices and properties similar to apoA-I in
terms of specificity for cholesterol efflux by the ABCA1 transporter
and low cytotoxicity.

ApoA-I, the predominant protein constituent of HDL® (1),
can promote the efflux of excess cholesterol from cells by the

* This work was supported, in whole or in part, by intramural funds from the
National Institutes of Health, NHLBI. The costs of publication of this article
were defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
Section 1734 solely to indicate this fact.

" Supported by the Danish Agency for Science Technology and Innovation.

2 Supported by National Institutes of Health Grants HL67093 and HL62542.

3 Fellow of the National Health and Medical Research Council of Australia.

“To whom correspondence should be addressed: NHLBI, National Institutes
of Health, Bldg. 10, Rm. 7N-115, 10 Center Dr., Bethesda, MD 20892-1508.
Tel.: 301-402-9796; Fax: 301-402-1885; E-mail: aremaley@cc.nih.gov.

°> The abbreviations used are: HDL, high density lipoprotein; DMPC, dimyris-
toylphosphatidylcholine; HPLC, high pressure liquid chromatography;
ANS, 8-anilino-1-naphthalenesulfonic acid; PBS, phosphate-buffered
saline; Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyllglycine; WMF,
wavelength of maximum fluorescence.

NOVEMBER 21, 2008« VOLUME 283 +-NUMBER 47

ABCALI transporter (2), which is one of the main antiathero-
genic functions of HDL (3). ApoA-I contains a tandem array of
amphipathic helical domains (4), but the amino and carboxyl
terminal helices have the highest lipid affinity and are critical
for the physical and biological properties of apoA-I (5-7).
When synthesized as individual peptides, helices 1 and 2 and
helices 9 and 10 exhibit good detergent-like properties, as
assessed by dimyristoylphosphatidylcholine (DMPC) vesicle
solubilization (5, 7, 8). The lipid affinity and detergent proper-
ties of the amphipathic helices of apoA-I are also important in
how it facilitates cholesterol efflux from cells. In particular, the
high lipid affinity COOH-terminal helix of apoA-I is essential to
lipid efflux by the ABCAL1 transporter (1, 6, 8, 9, 11, 12).
Recently, it has been proposed that the ABCA1 transporter pro-
motes lipid efflux from cells by creating a lipid microdomain
that is solubilized and removed by apoA-I by a microsolubiliza-
tion process dependent upon the detergent-like properties of
its amphipathic helices (13-17).

ApoA-I and other apolipoproteins (18), including some rel-
atively short peptides (13, 17, 19, 20), can promote cholesterol
efflux from cells if they contain an amphipathic helix. ApoA-I
mimetic peptides, containing amphipathic helices, are cur-
rently being investigated as an alternative to apoA-I for acute
HDL therapy of patients with acute coronary syndromes (21,
22). One of these peptides, 37pA, is a dimer of the original 18A
(Ac-18A-NH,) peptide, sometimes referred to as 2F due to two
phenylalanine residues at positions 6 and 18 (15). We have pre-
viously shown that the 37pA peptide containing amphipathic
helices with relatively high hydrophobic moment and high lipid
affinity (15) removes cholesterol and phospholipid from HeLa
cells transfected with the ABCA1 transporter (13). A significant
fraction of lipid efflux by 37pA was, however, nonspecific, since
cholesterol and phospholipid efflux was also observed from
untransfected HeLa cells not expressing the transporter. The
37pA peptide was also found to be partially cytotoxic (13). In con-
trast, lipid-free apoA-I is almost completely dependent on ABCA1
for lipid efflux and showed no evidence of cytotoxicity (13).

Although the central low lipid affinity helices of apoA-I can-
not promote lipid efflux by themselves, they have been shown
to work cooperatively with the terminal high lipid affinity heli-
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ces of apoA-I in promoting lipid efflux from cells and in the
formation of HDL (6, 23). The relative unique ability of apoA-I
to readily associate and dissociate with lipid, crucial for its role
in HDL metabolism, has also been shown to be due to the pres-
ence of a mixture of low and high lipid affinity amphipathic
helices (9, 24). Synthetic peptides based on apoA-I that contain
one of the terminal high lipid affinity helices of apoA-I linked
with one of the central helices, have been shown to stimulate
lipid efflux by the ABCA1 transporter (17). A cluster of negative
charged amino acids on the polar surface of these peptides
spanning the two helices was found to be necessary for these
peptides to be active in cholesterol efflux, but no consistent
relationship was found between the lipid affinity of these pep-
tides (17) and apoE-based peptides (25) on their ability to pro-
mote lipid efflux. Unlike the 37pA peptide (13), none of the
bihelical peptides based on apoA-I (17) or apoE (25) showed
cholesterol efflux independent of the ABCA1 transporter; nor
were they described to be cytotoxic.

In this study, we examine the effect of asymmetry in the lipid
affinity (i.e. combination of helices with low and high lipid affin-
ity) of helices on modified bihelical 37pA peptides on their
physical, structural, and biological properties. The lipid affinity
of the helices of these peptides was reduced by substituting
amino acids on the hydrophobic face of the parent 37pA pep-
tide with alanine. We found that peptides, with one high lipid
affinity helix paired with a low lipid affinity helix, showed not
only the greatest specificity for cholesterol and phospholipid
efflux by the ABCAL transporter but also the lowest cytoxicity.
In contrast, cholesterol efflux by peptides containing two high
lipid affinity helices was independent of the ABCA1 transporter
and cytotoxic. Peptides containing two low lipid affinity helices
were not cytotoxic but were inactive in cholesterol efflux. These
results are relevant in understanding the mechanism for the
interaction of native exchangeable apolipoproteins with the
ABCA1 transporter and in the design of therapeutic
amphipathic helical peptides for the treatment of cardiovascu-
lar disease (22).

EXPERIMENTAL PROCEDURES

Peptide Synthesis and Calculations—All peptides were syn-
thesized by a solid-phase procedure, using an Fmoc (N-(9-
fluorenyl)methoxycarbonyl)/N,N’-diisopropylocarbodiimide/
1-hydroxybenzotriazole protocol on a Biosearch 9600 peptide
synthesizer and were purified to greater than 99% purity by
reverse-phase HPLC on an Aquapore RP-300 column, as
assessed by matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (Bruker UltraFlex). Retention time of
peptides was determined after injection of 1 mg of purified pep-
tide at 24 °C on a C-18 reverse-phase HPLC column and elution
with a 25— 85% gradient of acetonitrile, containing 0.1% triflu-
oroacetic acid. The hydrophobic moment of the peptides was
calculated, using the combined consensus hydrophobicity scale
(available on the World Wide Web). The mean hydrophobic
moment was calculated as the vectorial sum of all the hydro-
phobicity indices, divided by the number of residues.

Solubilization of Phospholipid Vesicles by Peptides—Multila-
mellar vesicles of DMPC were produced by sonication (5). Pep-
tides were incubated and continuously mixed at 24 °C with ves-
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icles (1 mg/ml) in PBS, containing 8% NaBr, with the peptides at
afinal peptide concentration of ~71 uM for 50 min, and absorb-
ance was monitored at 430 nm every 5 s in a PerkinElmer Life
Sciences plate reader with temperature control. Change in tur-
bidity of samples, expressed as change in the initial rate con-
stant (k) over time, was calculated for all peptides by a nonlinear
curve fit for two-phase exponential decay and expressed as -fold
change relative to H,O.

The ability of the peptides to solubilize phospholipid vesicles
produced from a mixture of lipids commonly found in cell
membranes (bovine liver phosphatidylcholine (55%, w/v), por-
cine brain spingomyelin (12%), egg lysophosphatidylcholine
(5%), bovine liver phosphatidylethanolamine (10%), porcine
brain phosphatidylserine (8%), bovine liver phosphatidylinosi-
tol (10%)) was tested as previously described at 37 °C with a final
peptide concentration of 71 um (12).

Fluorescence Assays—Tryptophan fluorescence from pep-
tides (18 um) in 20 mm NaHCO3, 0.15 m NaCl and from pep-
tides complexed with DMPC (5A-DMPC; 1:15 molar ratio) was
monitored in the presence and absence of guanidinium at 24 °C
(26). Fluorescence was measured in a Shimatzu RF150 spectro-
photometer with an excitation wavelength of 291 nm and emis-
sion wavelength ranging from 300 to 400 nm. Peptides and
DMPC were complexed by co-lyophilization after first being
dissolved in glacial acetic acid. The resultant lyophilized cakes
were reconstituted with 20 mm NaHCO,;, 0.15 M NaCl and
heated to 50 °C in a water bath for 3 min and then allowed to
cool at room temperature for 3 min for a total of three cycles.

Emission spectra of 5A and 37pA peptides before and after
reconstitution with DMPC (1:15 molar ratio) were recorded
following quenching with increasing acrylamide concentration
(0—1 m) at 24 °C. The results are shown according to the Stern-
Volmer equation (9).

The fluorescence spectra (400 — 600 nm) of peptides (20 um)
dissolved in PBS in the presence of 8-anilino-1-naphthalenesul-
fonic acid (ANS) at 250 uMm at 24 °C was also monitored at an
excitation wavelength of 395 nm (9).

Circular Dichroism—Free peptides or peptides (100 wg/ml)
associated with DMPC (1:15 molar ratio) were dissolved in 10
mM phosphate buffer and analyzed by circular dichroism spec-
troscopy at 24 °C. The far UV circular dichroism spectra were
obtained on a Jasco 7-715 spectropolarimeter at room temper-
ature between 250 and 185 nm. The instrument response time
was 0.5 s, with a bandwidth of 1 nm and a scanning speed of 50
nm/min. Three separate dilutions of a single preparation of
each peptide or complex were analyzed and subjected to four
accumulations each. The raw data in millidegrees was con-
verted to mean residual ellipticity, using a mean residual weight
of 121.1 Helical estimates were determined from the mean
residual ellipticity at 222 nm (27). None of the tested solutions
were turbid; therefore, no adjustment for light scattering was
made.

Size Analysis of Peptide Complexes— Analysis of the number
of peptide monomers present per peptide complex was per-
formed by mixing a 20-fold molar excess of the cross-linker
dimethylsuberimidate (Pierce) to the peptides at 24 °C in PBS,
followed by analysis on a 10-20% Tris-Tricine SDS-polyacryl-
amide gel (28). Peptides were also analyzed by gel filtration on a
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TABLE 1

Characteristics and sequences of peptides

Lipid Efflux to Peptides by ABCA1

Rate of solubilization (k) was calculated from a nonlinear curve fitted to a two-phase exponential decay for all peptides.

Molecular Mean Peptide Rate of
) ) ) Weight Hydrophobic Hydrophobic  Solubilization
Peptide Helix 1 Helix 2 Moment Moment
(uH /m) E(uH /n)/2 k
Da Helix 1 Helix 2 DMPC
37pA DWLKAFYDKVAEKLKEAF -P- DWLKAFYDKVAEKLKEAF 4482 4.01 4.01 4.01 022
1A DWLKAFYDKVAEKLKEAF -P- DWLKAFYDKVAEKAKEAF 4440 4.01 349 3.75 0.23
2A DWLKAFYDKVAEKLKEAF -P- DWLKAFYDKVAEKAKEAA 4364 4.01 3.34 3.68 0.26
3A DWLKAFYDKVAEKLKEAF -P- DWLKAFYDKAAEKAKEAA 4220 4.01 3.05 3.53 0.32
4A DWLKAFYDKVAEKLKEAF -P- DWAKAFYDKAAEKAKEAA 4294 4.01 2.51 3.26 0.15
5A DWLKAFYDKVAEKLKEAF -P- DWAKAAYDKAAEKAKEAA 4218 4.01 2.02 3.02 2.06
5A-2 DWAKAAYDKAAEKLKEAF -P- DWLKAFYDKVAEKAKEAA 4218 2.80 334 3.07 0.08
10A DWAKAAYDKAAEKAKEAA -P- DWAKAAYDKAAEKAKEAA 3954 202 202 2.02 0.02

Superose G75 column. Low molecular weight gel filtration
standards were used as calibrators (GE Healthcare).

Red Cell Hemolysis Assay—Washed red blood cells were
obtained from EDTA-anticoagulated blood and suspended in
PBS at approximately a 4% hematocrit. Cell toxicity of peptides
was tested by incubating red blood cells for 2 h at 37 °C with the
indicated concentration of the peptides, followed by centrifu-
gation at 3000 X g for 5 min and measurement of the absorb-
ance of the supernatant at 540 nm. Complete lysis was deter-
mined after the addition of 1% Triton X-100.

Lipid Efflux Assay—HDL (d = 1.063-1.021 g/ml) was iso-
lated from human serum by density gradient ultracentrifuga-
tion (29). Cholesterol and phospholipid efflux was performed as
described previously (30), using a stably transfected HeLa cell
line expressing the human ABCA1 transporter (18). HeLa cells
transfected with a hygromycin-resistant control plasmid were
used as the control cell line. Cholesterol efflux was examined at
37 °C in cells labeled with [*H]cholesterol for 48 h, washed, and
challenged with either apoA-I or the free peptides at the con-
centrations indicated for 18 h. Percentage efflux was calculated
by subtracting the radioactive counts in the blank medium
(o-minimal essential medium with 10 ug/ml bovine serum
albumin) from the radioactive counts in the presence of an
acceptor and then dividing the result by the sum of the radio-
active counts in the medium plus the cell fraction. Cholesterol
efflux after 4 h at 37 °C to the indicated acceptors at 80 ug/ml
was also examined in THP-1 cells before and after stimulation
with 4 um TO901317 and before and after a 10-min fixation
with 3% paraformaldehyde (13).

For phospholipid efflux, cells were labeled with [methyl-
*H]choline chloride for 24 h, washed, and challenged for 18 h
with the indicated acceptors in a-minimal essential medium
with 10 pg/ml bovine serum albumin at 37 °C. The percentage
efflux was calculated in the same way as for cholesterol efflux,
except that the radioactive counts in the medium were obtained
following extraction with hexane/isopropyl alcohol (3:2).

Statistical Analyses—Phospholipid vesicle solubilization by
peptides was examined as change in turbidity and expressed as
-fold change in rate constant relative to H,O calculated by a
nonlinear curve fit for two-phase exponential decay. Student’s ¢
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test was used to compare means, and a two-sided p value <0.05
was considered significant.

RESULTS

The peptides synthesized for this study and their physical
characteristics are listed in Table 1. The peptides are all variants
of the 37pA peptide, which is a bihelical peptide containing two
18A amphipathic helices with relatively high lipid affinity
linked with a proline (15). The 37pA peptide was altered by
reducing its lipid affinity by substituting hydrophobic amino
acids on its hydrophobic face with alanine, which is only par-
tially hydrophobic (4). In peptides designated 1A—5A, 1-5 ala-
nine substitutions were made in the second COOH-terminal
helix. For the 5A-2 peptide, three alanine substitutions were
made in the first NH,-terminal helix and two alanine substitu-
tions in the second COOH-terminal helix to produce a peptide
predicted to contain two moderate lipid affinity helices. For the
10A peptide, five alanine substitutions were made in both hel-
ices to produce a peptide predicted to contain two amphipathic
helices with relatively low lipid affinity.

Fig. 1A shows that after each successive alanine substitution,
the modified 37pA peptides when dissolved in acetonitrile had
reduced lipid affinity, as assessed by their reduced retention
time on a reverse-phase HPLC. A nearly linear relationship was
observed between the calculated mean hydrophobic moment of
the peptides and their retention time. The parent peptide,
37pA, and the 5A and 5A-2 peptides were also tested for their
ability to bind ANS (Fig. 1B), a fluorescent lipophilic dye, which
shows enhanced fluorescence when in a hydrophobic environ-
ment (31). In this experiment, the peptides were dissolved in an
aqueous buffer, and the 37pA peptide showed much higher
ability to bind and shield ANS compared with the 5A peptide.
The emission spectra for the 5A-2 peptide overlapped the spec-
tra for free ANS, indicating that the 5A-2 peptide was ineffec-
tive in binding ANS.

The ability of the peptides to act as detergents was assessed in
Fig. 2 by monitoring the kinetics of the initial rate of solubiliza-
tion of DMPC vesicles. The 5A peptide was most effective in
solubilizing DMPC vesicles, as determined by the rate constant
for the solubilization (Table 1). Consistent with its shorter
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FIGURE 1. Peptide retention time and ANS fluorescence. A, retention time
on reverse-phase HPLC is shown versus average hydrophobic moment for
each peptide. Retention time was calculated by injecting 1 mg of purified
peptide at 24 °C on a C-18 reverse-phase HPLC column and elution with a
25-85% gradient of acetonitrile containing 0.1% trifluoroacetic acid. The
hydrophobic moment was calculated as the average of the mean hydropho-
bic moment for the two helices. B, fluorescence spectra at 24 °C for ANS dis-
solved in PBS in the absence of any peptide (solid line) or in the presence of the
5A (dotted line) or 37pA peptide (dashed line). A.U., absorbance units.

retention time on HPLC and reduced ANS binding, the 5A-2
peptide was less effective than 5A. As expected, the 10A peptide
containing two relatively low lipid affinity helices was the least
effective (Fig. 2A). Peptides 1A—4A with 1-4 alanine substitu-
tions in the second helix were intermediate in their ability to
solubilize DMPC vesicles compared with 37pA and the 5A pep-
tide (Fig. 2A). Similar results were obtained when examining
the solubilization of phospholipid vesicles made with a mixture
of natural lipids commonly found in cell membranes (Fig. 2B)
(9). In this case, however, the 37pA peptide was the most effec-
tive, but the 5A peptide still showed considerable activity,
whereas the 5A-2 peptide, as before, was ineffective (Fig. 2B).
It has been previously shown that the detergent-like proper-
ties of amphipathic helical peptides, as well as their biological
properties, can be affected by their ability to self-associate (32),
which was examined in Fig. 34 by gel filtration. The 5A-2 pep-
tide eluted as a single nearly symmetric peak near the retention
volume of the column, consistent with its predicted molecular
mass of 4482 Da. In contrast, both the parent 37pA peptide and
the 5A peptide eluted with an apparent molecular mass of 65
and 27 kDa, respectively, which is much larger than their mon-
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FIGURE 2. Peptide solubilization of phospholipid vesicles. A, relative
absorbance of DMPC vesicles incubated with the indicated peptides (71 um)
was measured at 430 nm every 5 s for 50 min at 24 °C. B, relative absorbance
of vesicles made with a mixture of phospholipids, as described under “Exper-
imental Procedures,” was measured at 430 nm every 5 s for ~8 min at 37 °C.

omer molecular weights (Table 1). In addition, their elution
peaks were asymmetric with a skewed right tail consistent with
a concentration-dependent dissociation of a peptide complex
during gel filtration. In Fig. 3B, the peptides dissolved in an
aqueous buffer were cross-linked with dimethylsuberimidate
and analyzed by SDS-PAGE. A similar ladder of cross-linked
peptide complexes was observed for the 37pA and 5A peptides,
with predominant bands at locations consistent with 4 -5 pep-
tide monomers/complex, although fainter bands of higher
aggregates could also be observed. Interestingly, 5A-2 appeared
to contain a much smaller number of peptides/complex. Con-
sistent with its gel filtration profile, it appears to be primarily a
monomer (Fig. 3B).

The self-association properties of the 37pA and 5A peptides
were further examined by monitoring the fluorescence of Trp,
which undergoes a blue shift in its peak emission wavelength
from ~351 nm for a highly solvent-exposed Trp residue to
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FIGURE 3. Size analysis of peptides. A, gel filtration analysis of 37pA (dia-
mond), 5A (open circle), and 5A-2 (open square) on a Superose G75 30/300 fast
protein liquid chromatography column at 24 °C. The filled arrow indicates
void volume, and the open arrow indicates retention volume of the column.
Absorbance at 280 nm was recorded for each peptide (1 mg) with a flow rate
of 0.5 ml/min. B, SDS-PAGE analysis (10 -20% gradient Tris-Tricine gel) of lipid-
free 37pA (lanes 2 and 5), 5A (lanes 3 and 6), and 5A-2 (lanes 4 and 7) before
(lanes 2-4) and after (lanes 5-7) cross-linking with excess dimethylsuberimi-
date at 24 °C.

about 333 nm for a Trp that is shielded by either protein or lipid
interactions (33). Each bihelical peptide in Table 1 contains two
Trp residues/helix. On a helical wheel plot, each Trp is situated
at the interface between the hydrophobic and hydrophilic part
of the helix (15). In Fig. 4, the stability of the peptide complexes
was determined by monitoring the emission wavelength of
maximum fluorescence (WMF) of Trp in the presence of
increasing concentrations of guanidine HCI. A clear red shift in
WMF was observed for 37pA from ~339 nm when dissolved in
an aqueous buffer to 346 nm when the peptide complex was
completely denatured by guanidine. By contrast, the WMF of
the 5A peptide in aqueous buffer of 347 nm indicates higher
solvent exposure for its Trp residues compared with 37pA.
Consistent with this observation, the 5A peptide showed less of
a red shift when denatured and required less guanidine to
achieve complete denaturation.

The complete Trp emission spectra are shown for the 37pA
and 5A peptides before and after reconstitution with DMPC in

NOVEMBER 21, 2008« VOLUME 283 +-NUMBER 47

Lipid Efflux to Peptides by ABCA1

WMF (nm)

330 . . T y )
0 1 2 3 4 5
GdnHCI (M)

FIGURE 4. Guanidinium denaturation of peptides. The WMF of the 5A (dia-
monds) and 37pA (squares) peptides were determined at 24 °C in the pres-
ence of increasing concentrations of guanidinium (0 -4 m). Each peptide at 18
M in 20 mm NaHCO5-0.15 m NaCl was monitored for fluorescence at an exci-
tation wavelength of 291 nm and emission wavelength from 300 to 400 nm.

Fig. 5, A and B. Both peptides showed enhanced fluorescence,
which shifted to lower wavelengths when reconstituted with
lipids, suggesting greater shielding of the Trp in a less polar
environment. The 37pA peptide, however, showed a greater
change, consistent with its greater lipid affinity (Fig. 1). Fur-
thermore, quenching peptide fluorescence with acrylamide
showed that the Trp residues in lipid-free 5A were more sol-
vent-exposed than was 37pA (Fig. 5C), which is consistent with
the denaturation experiments (Fig. 4). When the two peptides
were complexed to DMPC, the Trp residues for both peptides
were overall less susceptible to quenching and showed a similar
response (Fig. 5D).

In order to further characterize the structure of the peptides,
far UV circular dichroism spectroscopy was performed (Fig. 6).
The circular dichroism spectra for both the free 37pA and 5A
peptides showed a characteristic shape that is consistent with
a-helical content, with minima at 208 and 222 nm and a maxi-
mum around 191 nm. Judging by mean residual ellipticity at
222 nm, 37pA was more helical than the 5A peptide. Interest-
ingly, the 5A peptide exhibited an atypical reduced intensity at
222 nm relative to 208 nm (ratio of 222/208 nm less than 0.85)
(Fig. 6B). This suggests that the limited helicity adopted by the
lipid-free 5A is most likely a nonideal 3-10 helix that does not
have the same hydrogen bonding pattern as an ideal helix,
exemplified by 37pA. Upon lipid association with DMPC,
which results in discoidal shape structures, as determined by
electron microscopy (data not shown), 37pA underwent a mod-
est increase in helicity from 28 *= 2% to 34 * 1%, which is
similar to the previously reported results (34) (Fig. 64). The 5A
peptide underwent a considerably larger increase in helicity
from a base line of 12 = 1% in the lipid-free state to 29 * 1%
helicity after lipid reconstitution, which is comparable with lip-
id-bound 37pA. Furthermore, the resulting helix formed by 5A
when reconstituted with phospholipid exhibited properties of a
more ideal helix, based on the normalization of the 222/208 nm
ratio. Thus, it appears that the 5A peptide undergoes a more
substantial conformational rearrangement upon binding to
lipid than does 37pA, but after association with lipid the two
peptides are similar in structure.
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FIGURE 5. Tryptophan fluorescence analysis of peptides. Tryptophan fluorescence spectra for the 37pA (A)
and 5A peptide (B) were recorded in the absence of any lipid (solid line) and after reconstitution with DMPC
(dashed line). The vertical lines mark the wavelength of maximum fluorescence. Stern-Volmer plots of 5A (cir-
cles) and 37pA (squares) in the lipid-free state (C) and after DMPC reconstitution (D). Emission spectra (300400
nm) were recorded at an excitation wavelength of 291 nm for each peptide (18 um) in the presence of increas-
ing acrylamide concentrations (0-1 m) at 24 °C. F, is the fluorescence with no acrylamide, and F the fluores-
cence at a given acrylamide concentration. A.U., absorbance units.
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FIGURE 6. Circular dichroism analysis of peptides. Mean residual ellipticity for 37pA (A) and 5A (B) is shown
for the free peptides (solid line) and the DMPC-reconstituted peptides (dashed line) at the indicated wave-
lengths. Each peptide preparation was examined by three dilutions, and the results shown are the mean of four

0.0001) (Fig. 8B).

Similar results were observed
when the 37pA and 5A peptide were
examined for phospholipid efflux
(Fig. 8, C and D). The 5A peptide
primarily removed phospholipid
from only the ABCAIl-transfected
cell line, whereas the amount of
phospholipid efflux from the con-
trol cell line by the 37pA peptide
was ~50-75% of the level observed
from the ABCAIl-transfected cell
line. Although the 5A peptide was
more specific for promoting lipid
efflux by the ABCA1 transporter, it
appeared to require a higher con-
centration than 37pA for maximum
lipid efflux; thus, it has a higher

spectra examined at 24 °C.

Consistent with previous observations on the release of the
intracellular enzyme LDH (13), the 37pA peptide was found to
be cytotoxic, as determined by its ability to lyse red blood cells
(Fig. 7). At the maximum dose, it lysed almost 30% of red blood
cells in 2 h. Interestingly, with increasing alanine substitutions,
the modified 37pA peptides became less hemolytic, although
they were superior to the 37pA peptide in solubilizing DMPC
vesicles (Fig. 24). The 5A peptide, like free apoA-I (data not
shown), showed no evidence for hemolysis. In addition, the
5A-2 and 10A peptides were also nonhemolytic (data not
shown).

In Fig. 8, the effect of alanine substitutions on the ability of
the modified peptides to promote lipid efflux was examined.
The peptides were incubated with HeLa cells stably transfected
with the human ABCAI1 transporter or with wild type HeLa
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apparent K, than 37pA for lipid
efflux.

Fig. 9 shows the results for cholesterol efflux from both the
control cells and ABCA1-transfected cells for all peptides. A
clear trend was observed in peptides 1A—5A for increased spec-
ificity for ABCA1-dependent cholesterol efflux after each ala-
nine substitution in the second helix. Interestingly, there was
no significant difference in cholesterol efflux from the ABCA1-
transfected cells for the 1A-5A peptides, but there was a
marked decrease in cholesterol efflux from the control cells
with the alanine substitutions, thus indicating increased speci-
ficity for cholesterol efflux by ABCA1 (2A, p = 0.001; 3A, p =
0.004; 4A, 5A, 5A-2, and 10A, p = 0.0001) for the pairwise
comparison with 37pA for each peptide (Fig. 9). Unlike the 5A
peptide, which contains one helix with high lipid affinity paired
with a low lipid affinity helix (Table 1), the 5A-2 peptide with
two helices with moderate lipid affinity did not promote appre-
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ciable amounts of cholesterol efflux from either cell line. The
10A peptide with five alanine substitutions in both helices was
also ineffective for either cell line.

The specificity for cholesterol efflux by the ABCA1 trans-
porter for the 37pA and 5A peptides was compared with apoA-I

30

37pA

]
o
1

(]
[=]
L

Percent Hemolysis
) >

0 5 10 15 20
Peptide (pmole)

FIGURE 7. Red cell hemolysis by peptides. Peptides at the indicated concen-
trations were incubated with red blood cells for 2 h at 37 °C followed by
centrifugation. The supernatant was measured at an optical density of 540
nm. Results are expressed as the mean of triplicates = S.D. ¥, pairwise com-
parison of hemolysis for the highest concentration of each peptide was sig-
nificantly reduced compared with 37pA (p values <0.006). Open diamond,
37pA; open square, 1A; open triangle, 2A; open circle, 3A; gray diamond, 4A;
gray circle, 5A; gray triangle, 5A-2; gray diamond, 10A.
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Lipid Efflux to Peptides by ABCA1

in the THP-1 macrophage cell line (Fig. 10). THP-I cells nor-
mally only express a relatively modest amount of the ABCA1
transporter, but the transporter is significantly induced after
stimulation with the LXR agonist TO901317 (35, 36). Both
peptides and apoA-I showed a similar level of cholesterol
efflux from untreated cells and a similar -fold increase in
cholesterol efflux after stimulation with TO901317. As
expected, fixation of the cells with paraformaldehyde com-
pletely inhibited cholesterol efflux by apoA-I from either the
treated or nontreated cells (Fig. 10). Similar results were
observed with 5A after fixation of cells, although there was
still a small amount of residual cholesterol efflux after fixa-
tion (Fig. 10). In contrast, fixation of cells only decreased
cholesterol efflux by ~50% for the 37pA peptide, indicating
that 37pA, unlike 5A, can remove considerable amounts of
cholesterol from cells by a nonspecific detergent-like extrac-
tion process from even fixed cells.

DISCUSSION

The main finding of this study is that asymmetry in the lipid
affinity of bihelical amphipathic peptides has significant and
complex effects on both their physical and biological proper-
ties. When 37pA and the Ala-substituted peptides were dis-
solved in a hydrophobic solvent like acetonitrile, which was
used for the determination of retention time on a reverse-phase
column (Fig. 1), they would be expected to exist as free mono-
mers. Under these conditions, their calculated mean hydropho-
bic moment closely correlated with their measured lipid affin-
ity, as assessed by their retention time. In aqueous buffers,
however, amphipathic peptides are
known to self-associate and form
large multimeric complexes (32,
37), as was observed in this study
(Figs. 3 and 4). Thermodynamically,
amphipathic peptides are predicted
to form such complexes in aqueous
buffers to conceal the hydrophobic
regions of their helices (4). Com-
pared with 37pA, which has two

0 5 10 15 20 0 5
Peptide (pmole)

Peptide (umole)

: - | identical high lipid affinity helices,
10 15 20 the 5A peptide, however, appeared
to form a less stable and smaller

14

Phospholipid efflux, % /18h &
Phospholipid efflux, %/18h 2

peptide complex, as determined by
gel filtration (Fig. 3A) and guani-
dinium denaturation studies (Figs. 4
and 5). This is most likely a conse-
quence of the increased polarity of
the second helix of 5A due to the Ala
substitutions. The Ala substitutions
also resulted in a peptide with
reduced helical content (Fig. 6).

] 5 10 15 20 a s
Peptide (pmole)
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Peptide (pmole)

FIGURE 8. Lipid efflux by 5A and 37pA from ABCA1-transfected Cells. Shown is cholesterol efflux by ABCA1
Hela cells (black circles) and control Hela cells (gray circles) after 18 h at 37 °C to 37pA (A) and 5A (B) by
increasing concentration of peptides. Shown is phospholipid efflux by ABCA1 Hela cells (black circles) and
control Hela cells (gray circles) after 18 hat 37 °Cto 37pA (C) and 5A (D) by increasing concentration of peptides.
The contribution of ABCA1 (open circles) to cholesterol and phospholipid efflux was calculated by subtracting
the results from the control cell line. Results represent the mean of triplicates = S.D.

= = o When reconstituted with phospho-

lipids, however, the 5A showed a
similar helical content to 37pA (Fig.
6) and a similar resistance to Trp
quenching by acrylamide (Fig. 5, C
and D), indicating that the presence
of a single high affinity lipid helix is
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sufficient for a bihelical peptide to associate and tightly inte-
grate into lipids.

We also found a complex relationship between the calculated
mean hydrophobic moment of the peptides and their ability to
solubilize phospholipid vesicles (Fig. 2). In the case of DMPC
vesicles, the 5A peptide was unexpectedly better than the par-
ent 37pA peptide. Reducing the lipid affinity of both helices, as
was done for the 5A-2 and 10A peptides, completely blocked
the ability of these peptides to solubilize DMPC vesicles. This
again suggests that only a single high affinity helix is necessary
for the detergent-like property of these peptides. One potential
explanation for why the 5A peptide was superior to the 37pA
peptide in solubilizing DMPC vesicles is that the higher mean

Cholesterol Efflux, % /18h/18uM

i

5A-2  10A

37pA 1A 2A 3A 4A 5A
Peptide

FIGURE 9. Lipid efflux by peptides from ABCA1-transfected cells. Choles-
terol efflux by ABCA1 Hela cells (striped bars) and control Hela cells (gray
bars) to alanine-substituted peptides examined at 37 °C. The contribution of
ABCA1 (open bars) to cholesterol efflux was calculated by subtracting the
results from the control cell line. Results represent the mean of triplicates =
S.D.* p = 0.001; **, p = 0.004; *** p =< 0.0001 for the pairwise comparison
with 37pA.

24

hydrophobic moment of the 37pA peptide, which enables it to
form a more stable multimeric complex in aqueous buffers
(Figs. 3—5), may reduce its ability to interact with DMPC vesi-
cles. In other words, the strong protein-protein interaction of
the multimeric peptide complex limits the initial interaction of
the peptide with lipid. This is consistent with an observed
increase in stability and helical content of this peptide and has
previously been observed to also occur for the phenylalanine-
substituted 18A peptides (38).

In contrast, the 37pA peptide was slightly better than the 5A
peptide in solubilizing phospholipid vesicles produced with a
mixture of phospholipids (Fig. 2B), which were more readily
solubilized by these peptides than DMPC vesicles (Fig. 2).
There are several differences between the DMPC vesicles and
the mixed phospholipid vesicles that can potentially explain the
observed differences in the two studies. First, the mixed phos-
pholipid vesicles contained charged phospholipids, unlike the
vesicles made with DMPC. It may be that the 37pA peptide,
perhaps because of its greater ability to form an amphipathic
helix, may have a more favorable charge distribution for inter-
acting with the ionic head groups on the charged phospholip-
ids, as has been previously suggested for other proteins (39).
Another possibility is that the mixed phospholipid vesicles may
have phospholipid packing defects and or lipid microdomains,
which have been previously proposed to be sites of interaction
of amphipathic peptides with phospholipid vesicles (9, 39).
Again, the increased helicity of the 37pA peptide may enable it
to better interact with such sites. These data point out that the
interaction of these amphipathic peptides with lipid mem-
branes is very dependent upon the chemical and physical prop-
erties of the membranes.

A potentially important consideration in the design and use
of therapeutic amphipathic peptides is their cytotoxicity. Some
amphipathic peptides are known to be cytotoxic, because of
their ability to deeply insert into membranes and/or to self-

aggregate in membranes and per-

Cholesterol Efflux, %o/4h

milim

turb the normal bilayer lipid organi-
zation (40, 41). The insertion of an
amphipathic peptide into a lipid
bilayer, resulting in cell lysis, is
known, for example, to be depend-
ent upon the breadth of its hydro-
phobic face, the overall hydropho-
bicity of the amino acid residues in
the hydrophobic face, and the cross-
sectional shape of the helix (42).
37pA was found in this study to
cause membrane damage to red
blood cells, whereas 5A, like apoA-I,
caused no significant hemolysis

(Fig. 7), despite the fact that 5A was

ApoA-1 S5A
TO9O1317 - 4+ -+ -+ - s

Fixation - - + + = = + +

FIGURE 10. Lipid efflux by peptides from THP-I cells. Cholesterol efflux from activated (4 um TO901317) and
nonactivated THP-1 cells before and after fixation in 3% paraformaldehyde. Cells were incubated with 80
ng/ml either apoA-|, 5A, or the 37pA peptide for 4 h at 37 °C. Results represent the mean of triplicates = S.D.
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more effective in solubilizing
DMPC vesicles (Fig. 24). The sub-
stitution of hydrophobic amino
acids for alanine in other peptides
has previously been shown to pre-
vent the deep penetration of pep-
tides into phospholipid bilayers

- + +
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(43). Although the first helix of 5A has high lipid affinity,
covalently coupling it to a low lipid affinity helix appears to
impede the overall insertion of the peptide into cell mem-
branes. At least in the aqueous solution, the 37pA peptide was
also found to more readily self-associate than 5A (Figs. 3 and 4).
If it also does so when embedded in the lipids of cell mem-
branes, this could also account for its increased hemolytic abil-
ity, as has been described for other amphipathic peptides (40,
41). Overall, these results suggest that the central low lipid
affinity helices of apoA-I may serve a similar role in limiting a
deeper interaction of apoA-I with membranes and thus pre-
venting membrane damage when it interacts with cells.

Another important consideration in the design and use of
therapeutic amphipathic peptides is their specificity for pro-
moting cholesterol efflux by the ABCA1 transporter. Recently,
a multistep process has been proposed for how ABCA1 pro-
motes lipid efflux from cells (12). The first step involves a pro-
tein-protein interaction between apolipoproteins as well as
amphipathic peptides (44) with the ABCA1 transporter. This
low capacity interaction may facilitate the initial binding of lip-
id-free apolipoproteins to cells (12) and stabilizes the trans-
porter against degradation (45). This has also been described to
occur for the 37pA peptide (46). The increased level of ABCA1
then promotes the formation of surface protrusions in the
plasma membrane, similar to the membrane structures
reported to be formed by other ABC transporters (47). These
exovesiculated lipid domains have been proposed to form in
response to the membrane strain caused by the transfer of lipid
by the ABCA1 transporter to the extracellular leaflet of the
plasma membrane (12). The high curvature of the lipid
domains created by ABCA1 then promotes the higher capacity
binding of apolipoproteins, which ultimately solubilize the
phospholipids and cholesterol in these exovesiculated lipid
structures to form nascent HDL particles. The therapeutic use
of nonselective amphipathic peptides, such as 37pA, for remov-
ing excess cholesterol is potentially problematic for two rea-
sons. First, non-ABCA1-dependent cholesterol efflux by pep-
tides with high lipid affinity appears to be associated with
cytotoxicity (Fig. 7). Second, in vivo, these peptides may initially
become saturated with lipids removed nonselectively from
nontarget before interacting with their intended target cells,
namely cholesterol-loaded macrophages in atherosclerotic
plaque, which express ABCA1 (22). For these reasons, the 5A
peptide may have an advantage over the 37pA and other non-
selective peptides as a therapeutic agent. It is important to note,
however, that amphipathic peptides appear to have many other
beneficial antioxidative, anti-inflammatory, and provasodila-
tory effects besides their effect in promoting cholesterol efflux
(48, 49).

The ability of 37pA to remove cholesterol independent of the
ABCAL1 transporter from even fixed cells (Fig. 10) is most likely
a consequence of its relatively high lipid affinity. Based on its
calculated hydrophobic moment, as well as its experimentally
derived surface monolayer exclusion pressure, 37pA has higher
lipid affinity than any of the individual helices of apoA-1I, includ-
ing the high lipid affinity terminal helices (5, 7, 8). Due to its
high lipid affinity, it may interact with sites on cell membranes
besides the lipid microdomains created by ABCA1. This is con-

NOVEMBER 21, 2008« VOLUME 283 +-NUMBER 47

Lipid Efflux to Peptides by ABCA1

sistent with previous studies showing that it competes with the
same cellular binding site as apoA-I, but it also binds to addi-
tional sites on cells that do not bind apoA-I (10, 13). This per-
haps may explain the complex dose-response relationship
observed for the 37pA peptide for lipid efflux (Fig. 8). At rela-
tively low doses, it appeared to be more effective than 5A in
removing lipid by ABCA1L, but at higher doses it also caused
non-ABCA1-dependent lipid efflux (Fig. 8).

In contrast to 37pA, apoA-I, and 5A, which both contain high
and low lipid affinity helices, appear to be only able to remove
cellular cholesterol from the lipid microdomains formed by
ABCA1. The COOH-terminal helix of 54, in fact, has a hydro-
phobic moment similar to that of the central helices of apoA-1.
Perhaps because of the altered lipid packing in the lipid
domains created by ABCA1, 5A, like apoA-I (12), can insert
into these sites, whereas the other parts of the membrane are
not accessible to it, unlike 37pA. The low affinity helix of 5A,
because of its potential increased surface exposure when in a
multimeric peptide complex (Fig. 4), may also promote lipid
efflux by facilitating the initial interaction of the peptide with
the lipid microdomains created by ABCA1. Once this interac-
tion occurs, however, at least one high lipid affinity helix is
necessary for extracting lipid, as evidence by the inability of the
5A-2 and 10A peptides to promote lipid efflux by ABCA1 (Fig.
9). This may be analogous to the two-domain structural model
for the interaction of apoA-I with lipids. The more solvent-
exposed COOH-terminal helix of apoA-I is believed to initially
interact with lipid on cell membranes, and then the rest of the
protein, which is in a helix bundle configuration, undergoes a
conformational change so that the remaining amphipathic hel-
ices of apoA-I unfold and cooperatively bind and efflux lipid (6).

Besides the lipid affinity of the amphipathic helices of apoli-
poproteins and peptides, a cluster of negative charge residues
on the polar face of helices has also been described as necessary
for cholesterol efflux by the ABCA1 transporter (17). The 37pA
peptide shares a similar structural motif of negatively charged
residues that spans both helices (15, 17), thus possibly enabling
it to interact with the ABCA1 transporter for lipid efflux. All of
the modified 37pA peptides used in this study share the same
motif, because all alanine substitutions were made on the
hydrophobic face only. This motif on the polar face of the pep-
tides may be necessary but not sufficient for specific lipid efflux
by the ABCAL1 transporter, because both of the peptides inac-
tive in cholesterol efflux as well as the cytotoxic and nonspecific
lipid efflux peptides contain this motif. It appears, therefore,
that a multisite interaction of both the polar and nonpolar faces
of the helices of apolipoproteins and their peptide mimics with
the ABCAL1 transporter and/or the lipid microdomain created
by ABCAL is necessary for lipid efflux to occur.
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