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Abstract The sequences of the plasma apolipoproteins have
a high degree of internal homology as they contain several
22-mer internal repeats. These amphipathic helical repeats
are considered as the structural and functional units of this
class of proteins. We proposed that the 22-mer repeats of the
plasma apolipoproteins consist of 17-mer helical segments
separated by extended beta-strands comprising five amino
acid residues with a proline in the center of this segment.
These beta-strand segments help reverse the orientation of
the consecutive helices of apoA-l, A-IV, and E in a discoidal
apolipoprotein-phospholipid complex. In order to support
this hypothesis, we synthesized apoA-] fragments consisting
of, respectively, one putative helix (residues 166-183), one
helix plus a beta-strand (residues 161-183), and a pair of
helices separated by a beta-strand (residues 145-183). The
structural and lipid-binding properties of these peptides were
investigated by turbidity, fluorescence, binding studies with
unilamellar phospholipid vesicles, electron microscopy, and
circular dichroism measurements. Our data show that one
single putative helical segment or one helical segment plus
one extended beta-strand do not form stable complexes with
phospholipids. The addition of a second adjacent helix has no
influence on the lipid affinity of the apoA-I 145-183 peptide
compared to the shorter segments but substantially improves
the stability of the complexes. The helical content of the
peptide increases upon lipid association as observed with
apoA-l. The complexes generated with the apoA-I 145-183
peptide appear as discoidal particles by negative staining
electron microscopy, with heterogeneous sizes ranging be-
tween 250 and 450 A. The relative orientation of the peptide
and the phospholipid is the same as in a DMPC/apoA-l
complex as the helices are oriented parallel to the acyl chains
of the phospholipid. However, the stability of these com-
plexes is significantly lower than that of the corresponding
DMPC/apoA-I complexes. The transition temperature, fluid-
ity, and cooperativity of the phospholipid bilayer are only
weakly affected by the association with the apoA-1 145-183
peptide. Bl These data suggest that a pair of helical peptides
linked through a beta-strand associates more tightly with lip-
ids and can form discoidal lipid-peptide complexes, than a
single helix. A comparison with the properties of native apoA-
I suggests, however, that the cooperativity between pairs of
helices in native apoA-I further contributes to strengthen the
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The role of amphipathic helical repeats of the plasma
apolipoproteins as functional and structural units of this
class of proteins is well documented (1-4). Numerous
studies carried out with apolipoprotein fragments either
natural (5, 6) or synthetic (7, 8) and with model peptide
analogs (9, 10) have emphasized the importance of these
helical segments. We have proposed that the 22-mer
repeats of the plasma apolipoproteins consist of 17-mer
helical segments separated by extended beta-strands
comprising five amino acid residues (11, 12). These
beta-strand segments help reverse the orientation of the
consecutive helices of apoA-I, A-IV, and E in a discoidal
apolipoprotein-phospholipid complex (13, 14). In such
a complex, the helices are oriented parallel to the acyl
chains of a phospholipid bilayer and anti-parallel to each
other (11). We further proposed that contiguous helices
separated by beta-strands are stabilized by salt bridge
formation between charged residues along the edge of
the helices (15). The functional unit in an apolipopro-
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choline; DPPC, dipalmitoylphosphatidylcholine; PC, phosphatidyl-
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tein such as apoA-I, A-IV, or E would therefore consist
of two anti-parallel helices separated by a beta-strand.
Such a motif occurs three times in apoA-I and in apoE,
and four times in apoA-IV (12).

In order to support this hypothesis and stress the
structural and functional role of subunits consisting of
two helices and one betastrand in apoA-I, we synthe-
sized putative helicoidal apoA-I fragments consisting of,
respectively, one helix (residues 166~183), one helix
plus a beta-strand (residues 161-183), and a pair of
helices separated by a beta-strand (residues 145-183).
These helices were selected as belonging to helical pairs
of apoA-I with highest stability (15). Their structural and
lipid-binding properties were investigated and are com-
pared in this report.

MATERIALS AND METHODS

Peptide synthesis

The three peptides, corresponding, respectively, to
residues 166-183, 161-183, and 145-183 of apoAdl,
were synthesized by using conventional solid-phase
“Boc-benzyl” strategy according to Merrifield (16) on
paramethylbenzhydrylamine (»-MBHA) resins (Applied
Biosystems, Foster City, CA), in an automated Applied
Biosystems 430A peptide synthetizer (Foster City, CA),
using  2-('H-benzotriazol-1-yl}1,1,3,3-tetramethyluro-
nium hexafluorophosphate (HBTU) (17) as a coupling
procedure. Chemical reagents were purchased from
Janssen Chemica (Geel, Belgium) and amino acids from
Applied Biosystems (Foster City, CA). Side chain pro-
tecting groups were as follows: Asp(O-cyclohexyl),
Glu(O-cyclohexyl), His(Nim-2 4-dinitrophenyl), Lys(N-2-
Cl-benzyloxycarbonyl), Met(sulfoxyde), Arg(NC-tosyl),
Ser(O-benzyl), Thr(O-benzyl), and Tyr(O-2-Br-benzy-
loxycarbonyl). At the end of each synthesis, the N-termi-
nal t-BOC groups of the three peptidyl-resins were
removed with 50% trifluoroacetic acid in dichloro-
methane (CH2Cl2) and the free NHs functions were
acetylated with a mixture of 20% acetic anhydride-5%
N,N-diisopropylethylamine (DIEA) in CH2Cls. Peptidyl-
resins 161-183 and 145-183 were then treated three
times with 20% 2-mercaptoethanol-5% DIEA in N,N-di-
methylformamide for 60 min each time, in order to
remove the 2,4-dinitrophenyl group from His 155 and
162. Peptidyl-resins were dried and each peptide was
cleaved and deprotected in a Teflon-Kel F-HF apparatus
(ASTI, Courbevoie, France). ApoA-I 145-183 peptide
was obtained by the low-hydrofluoric (low-HF) acid pro-
cedure; the peptidyl-resin was first treated using a low
concentration of hydrofluoric acid in dimethyl sulfide,
in the presence of p-cresol and p-thiocresol as scavengers
(25:65:7.5:2.5) for 3 h at 0°C, followed by a high concen-

tration of high-HF with p-cresol and p-thiocresol
(90:7.5:2.5) for 2 h at 0°C (18). ApoA-I 166-183 and
161-183 peptides were only submitted to the high-HF
procedure in the presence of scavengers. Due to the
functional nature of the coupling resin, treatment with
hydrofluoric acid (HF) at the end of the synthesis yielded
an amidated peptide. Crude deprotected peptides were
prepurified by trifluoroacetic acid-diethyl ether precipi-
tation. Further purification was carried out by prepara-
tive reverse phase (Cis) HPLC for the apoA-I 166-183
and 161-183 peptides, and by gel permeation followed
by preparative reverse phase (Cyg) HPLC for the apoA-I
145-183 peptide. The three peptides were checked for
identity by amino acid analysis after complete acid hy-
drolysis and by plasma desorption-mass spectrometry
(PD-MS) on a time of flight measurement Bio.ion 20
spectrometer with californium as desorption agent (19)
or electron spray-mass spectrometry (ES-MS), and for
homogeneity by analytical reverse phase HPLC. Dansy-
lated apoA-I 166-183 and 145-183 peptides were syn-
thesized using the same protocol as described above.
The dansyl probe was coupled after removal of the last
N-terminal t-BOC group using 2 equivalents of DIEA
and 5 equivalents of dansyl chloride (5-dimethylamino-
l-naphthalenesulfonyl chloride) in CHgClg for 1 h at
room temperature. A double coupling step proved to be
necessary in order to obtain a negative free amino group
assay by quantitative ninhydrin test (20). Cleavage of the
resin, purification, determination of identity and homo-
geneity of the dansylated peptides were carried out as
described above.

Preparation of phospholipid/peptide complexes

Complexes were prepared by incubation of the pep-
tides with small unilamellar vesicles of dimyristoylphos-
phatidylcholine (DMPC, Sigma Co.), obtained by soni-
cation at 37°C under nitrogen during 3 x 5 min, at a 1:1
(w/w) DMPC-peptide ratio at 25°C for 16 h.
DPPC-peptide complexes were prepared by the cholate
dialysis method (21).

The formation of the DMPC-peptide complexes was
followed by monitoring the absorbance decrease at 325
nm of DMPC multilamellar vesicles when incubated
with an excess of peptides at a 1:2 (w/w) phos-
pholipid-peptide ratio, as a function of temperature.
The formation of smaller discoidal complexes and the
decrease in size of the multilamellar liposomes is accom-
panied by a decrease of the absorbance (5).

Complexes were isolated by gel filtration on a Su-
perose 6HR column in 0.005 M Tris-HCl buffer (pH
8.1)-0.15 M NaCl-0.2 g/l NaNs, in a FPLC system
(Waters). Complexes were detected by measuring the
absorbance at 280 nm and the Tyr emission at 305 nm.
The composition and size of the complexes were deter-
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mined on the fractions corresponding to the maxima of
the elution peaks. The chemical composition of the
isolated complexes was obtained by enzymatic phos-
pholipid measurement using a kit of Biomérieux
(France), and the peptides were quantitated by amino
acid analysis.

Electron microscopy of the phospholipid-peptide
complexes

Phospholipid-peptide complexes at a peptide con-
centration of 150 ug/ml were negatively stained with a
20 g/1solution of potassium phosphotungstate (pH 7.4).
Seven pl of the samples was applied to Formvar carbon-
coated grids and examined in a Zeiss EM 10C transmis-
sion electron microscope operating at 60 kV (5).

Fluorescence measurements

Fluorescence measurements were performed on an
Aminco SPF-500 spectrofluorimeter equipped with a
special adapter (Aminco-[4-9501) for fluorescence po-
larization measurements (5). Temperature scans were
performed between 15 and 45°C for the DMPC and
DPPC-peptide complexes. The temperature was con-
trolled by a circulating water bath (Julabo).

Determination of the phospholipid-peptide binding
parameters

Unilamellar vesicles of egg PC (Sigma) were obtained
by sonication at 22°C followed by gel filtration on a
Sepharose 4 B column. The dansylated apoA-1 166-183
and 145-183 peptides were incubated with the vesicles
at 15°C for 16 h in 0.005 M Tris-HCI, pH 8.1.

Two hundred pl of the incubation mixture was ap-
plied to an HPLC Bio-Sil SEC 250-5 TSK column (300 x
7.8 mm) equilibrated in 0.005 M Tris-HCI, pH 8.1. The
chromatographic separation was completed within 20
min and the egg lecithin-peptide complexes eluted after
7 min. Detection of the dansylated peptides was per-
formed using a Jasco 800-21 FP spectrofluorimeter set
at an excitation and emission wavelength of, respec-
tively, 340 and 550 nm. As the quantum yield of the
dansyl probe increases in the presence of phospholipids
(22), a correction factor was calculated for each peptide.
For this purpose, increasing amounts of egg lecithin
where added to a constant quantity of peptide and the
fluorescence was measured on an Aminco-SPF500
fluorimeter until a plateau was reached. The calculation
of the dissociation constant (K4) and of the upper limit
of binding (N) was carried out as described by Yokoyama
et al. (23).
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Determination of the secondary structure of the
peptides and of the complexes with phospholipids

Infrared spectroscopy measurements. Attenuated total re-
flection (ATR) infrared spectroscopy was used to deter-
mine the secondary structure of native and lipid-bound
peptides and the relative orientation of the peptide
helical segments and of the phospholipid acyl chains (5,
11).

Spectra were recorded on a Perkin-Elmer 1720X in-
frared spectrophotometer, using polarized incident
light with a perpendicular (90°) and parallel (0°) orien-
tation. For each experiment up to 15 scans were stored
and averaged.

Circular dichroism measurements. Circular dichroic
spectra of the peptides and of the DPPC-peptide com-
plexes were measured at 23°C on a Jasco 710 spectropo-
larimeter (11). Measurements were carried out at a
peptide concentration of 0.1 mg/ml either in a 0.01 M
sodium phosphate buffer, pH 7.4, or in a L:1 (v/v)
mixture of trifluoroethanol (TFE) and buffer, in order
to reach maximal alpha-helicity of the peptides. Nine
spectra were collected and averaged for each sample.
The secondary structure was estimated according to the
generalized inverse method of Compton and Johnson
(24).

RESULTS

Peptide synthesis

The HPLC chromatographic profiles of the three
peptides are shown in Fig. 1. The apoA-l1 166-183
peptide is more hydrophilic as it elutes ahead (26.3 min)
of the apoA-1161-183 and 145-183 peptides. The reten-
tion times of the apoA-1 161-183 and 145-183 peptides
are 28.0 and 27.3 min, respectively.

The amino acid analysis of the three peptides, after
24 h of 6 N HCI hydrolysis is summarized in Table 1.
There is good agreement between experimental and
theoretical compositions of each peptide.

Reassembly of the peptides with phospholipids

The formation of small discoidal complexes between
the peptides and DMPC multilamellar vesicles was moni-
tored by measuring the turbidity decrease at 325 nm as
a function of temperature. A scan through the transition
temperature of DMPC (Fig. 2) shows a decrease of the
turbidity of the DMPC-peptide mixture associated with
a decrease of vesicular size and the formation of discoi-
dal complexes. The peptides behave differently as the
shorter peptides corresponding to residues 166-183
and 161-183 of apoA-l, respectively one helix and one
helix plus a putative beta-strand, had little effect on the
turbidity. Only the longest apoA-I 145-183 peptide,
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Fig. 1. Reverse-phase HPLC profiles on a Cis column of the synthetic peptides. A, apoA-I 166-183; B, apoA-1
161-183; C, apoA-1 145-183. Solvent A: 0.5% trifluoroacetic acid in water, solvent B: 0.5% triflucroacetic acid

in acetonitrile-water 3:2 (v/v). A linear gradient from 0 to 100% B in 30 min and a flow rate of 0.7 ml/min
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E (325nm)

TABLE 1.

Amino acid analysis of the synthetic apoA-I peptides after acid hydrolysis with 6 N HCI for 24 h

ApoA-1 166-183

ApoA- 161-183

ApoAd 145-183

Expected Found Expected Found Expected Found
Asp 1 0.84 1 0.77 3 3.02
Thr 1 0.56 1 1.01
Ser 1 0.60 1 0.60 1 1.06
Glu/Gln 4 4.00 4 4.00 6 5.86
Pro 1 0.83 1 115
Gly 1 1.09
Ala 3 2.92 4 3.64 7 6.71
Val 1 0.95
Met 1 0.55
Leu 4 3.92 5 4.51 6 6.00
Tyr 1 0.86 1 0.67 1 1.02
His 1 0.63 2 1.86
Lys 1 0.93 1 0.94 1 162
Arg 3 2.98 3 3.04 7 6.53

The analyses were performed on a Beckman system 6300 high performance analyzer.

spanning two helical repeats separated by a putative
beta-strand, induced a significant decrease of the turbid-
ity. This effect was about 30% of that induced by apoA-I
at the same phospholipid/protein ratio (Fig. 2).

Stability of the phospholipid-peptide complexes

The complexes between DMPC and the apoA-l
145-183 peptide were prepared by incubation at 25°C
for 16 h. Sonicated DMPC vesicles were mixed with this
peptide at phospholipid-peptide (w/w) ratios varying
between 4:1 and 1:1, following the procedure used for
DMPC-apolipoprotein complex formation (5). The
lipid-peptide mixture was turbid during incubation at
25°C, but became progressively clear when cooling
down to room temperature. We therefore monitored

0.60
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0.10 1

0.00 8 - =
15 18 21 24 27 30

Temperature °‘C

Fig. 2. Turbidity decrease of a mixture of peptides with DMPC as a
function of temperature, monitored by absorption measurement at
325 nm: (C1), DMPC-apoA-l 166-183 peptide; (+), DMPC-apoA-l
161-183 peptide; (O), DMPC-apoA-l 145-183 peptide; (A),
DMPC-apoA-1.
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the turbidity of the incubated DMPC-peptide mixture
as a function of increasing and decreasing temperature
(Fig. 3A, B). Both the upscans (A) and downscans (B)
show that the turbidity of the lipid-peptide mixture
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Fig. 3. Turbidity of the incubated DMPC-apoA-1 145~183 peptide
mixtures as a function of increasing (A) and decreasing temperature
(B), with different phospholipid-peptide (w/w) ratios: (), 1:1; (+),
2:1; (), 3:1; (A), 4:1.
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decreases within a significantly narrow temperature
range of about one degree around the DMPC transition
(23.6°C). Outside of this temperature range the com-
plex dissociates and the turbidity of the mixture in-
creases rapidly. The steepest turbidity decrease is ob-
served at the largest DMPC-peptide ratio, when
approaching the transition temperature of DMPC from
either low (upscan, A) or high temperatures (downscan,
B). The absorbance of pure DMPC vesicles did not vary
significantly between 15 and 30°C (data not shown).

Separation and characterization of the
phospholipid-peptide complexes

The complexes generated between the peptides,
DMPC, and DPPC were fractionated at room tempera-
ture on a Superose 6HR column and the effluent was
monitored for peptide by measurement of the Tyr fluo-
rescence intensity at 305 nm and for phospholipid by an
enzymatic colorimetric assay.

The fractionation pattern of the DMPC-apoA-I
161-183 peptide mixture shows that this peptide does
not generate a stable complex with phospholipids, as no
material eluted between the peak of the free lipid in the
void volume and that of the free peptide (Fig. 4A). The
association between apoA-I 145-183 peptide and DMPC
was more extensive as a peak corresponding to the
complex containing both peptide and phospholipid was
detected at volumes between 18 and 28 ml (Fig. 4B). A
complex formed with DPPC eluted at the same volume
(Fig. 4C). The Stokes radius for the different complexes
was calculated from the elution position from the Su-
perose column. Table 2 illustrates that the complexes
generated between the apoA-I 145-183 peptide, DMPC,
and DPPC are about twofold larger than those gener-
ated with native apoA-I. The phospholipid-peptide mo-
lar ratios were similar for the DMPC and DPPC com-
plexes and close to those measured for the apoA-I-
phospholipid complexes. The number of phospholipids
per helix is threefold higher for the peptide-phos-
pholipid complexes compared to the apoA-I-phos-
pholipid complexes, as the apoA-I 145-183 peptide
consists of two 17-residue helices, compared to six in
native apoA-I (12).

The electron microscopic analysis of the isolated com-
plex formed between DPPC and the apoA-I 145-183
peptide revealed the typical pattern of “rouleaux,” char-
acteristic of stacked discs (inset Fig. 4C). These discs
were, however, larger and more heterogeneous, with a
diameter range from 250 to 450 A, than those observed
for DPPC-apoA-I complexes (6) which appear as a more
homogeneous population. The Stokes radius calculated
from the maximum of the gel filtration peak was also
larger than that previously reported for DPPC-apoA-I
complexes (Table 2). No sharp pictures were obtained
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Fig. 4. Gel filtration of the phospholipid-peptide complexes on a
Superose 6HR column. The phospholipid concentration in pg/ml ((J)
and the Tyr fluorescence intensity (+) are shown as a function of the
elution volume. A: DMPC-apoA:-I 161-183 peptide; B: DMPC-apoA-1
145-183 peptide; C: DPPC-apoA-I 145-183 peptide (inset: electron
micrograph of DPPC-apoA-I 145-183 peptide).

when the DMPC-apoA-I 145-183 complexes were ap-
plied to the grids.

Fluorescence measurements

Fluorescence polarization measurements, carried out
after labeling with diphenylhexatriene, of the isolated
complex generated between the apoA-I 145-183 pep-
tide, DMPC (A), and DPPC (B) show profiles close to
that of the pure lipid (Fig. 5). The fluidity of the lipid in
the phospholipid-apoA-1 145-183 peptide complexes is
little perturbed and the transition temperature of the
complex is close to that of the pure phospholipid. This
suggests that the interaction of the lipid with the apoA-I
peptide is weaker than with the entire protein (5), as the
phospholipid transition was shifted up to 25.5°C in the
apoA-I-phospholipid complex. Cooperative interac-
tions between pairs of adjacent helices present in apoA-I
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Fluorescence polarization

TABLE 2. Composition and size of the isolated phospholipid-peptide complexes

Stokes Radius
Peptide PL PL-Peptide Ratio Mole PL-Helix A® B
w/w m/m A
ApoA-I peptide 145-183 DMPC 15/1 101/1 50 124 116
DPPC 16/1 100/1 50 118 107
Native apoA-] DMPC 2.2/1 91/1 15 57 51
DPPC 2.2/1 85/1 14 55 49

Abbreviations: DMPC, dimyristoylphosphatidylcholine; DPPC, dipalmitoylphosphatidylcholine; PL, phos-

pholipid.

“A: Calculated from elution position from Superose 6HR column.

*B: Calculated theoretically (12).

(15) might therefore account for the further decrease in
the mobility of the phospholipid acyl chains.

Assay of the phospholipid-peptide binding

The profiles of the isothermal equilibrium binding of
the synthetic apoA-I 166-183 and 145-183 peptides with
egg lecithin small unilamellar vesicles are shown in Fig.
6A. The data were analyzed, according to equation 1

080

0.40 |+,

0.00 L - L ! :

0.50

040

0.20

0.10

1 L 1 L 1

18 20 285 30 38 40 45

Temperature °'C

0.00

Fig. 5. Fluorescence polarization decrease of DMPC-apoA-l
145-183 peptide (A) and the DPPC-apoA-1 145-183 peptide (B)
complexes as a function of temperature, after labeling with diphenyl-
hexatriene: ((J), DMPC; (+), DMPC-apoA-I 145-183 peptide and B:
(00), DPPC; (+), DPPC~apoA-I 145-183 peptide.
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where Py, and P; represent the concentration of bound
and free protein, respectively. [PC] is the analytical
concentration of egg lecithin in the reaction mixture,
and N is the upper limit of Py,/[PC] (23).

Pr= (N [PC] Py/Py) - Ka Eg. 1)

Solid lines in Fig. 6A are theoretical Langmuir iso-
therms calculated from equation 2 where Py, corre-
sponds to the total peptide concentration in the mixture
(23).

(Kq + N[PC]+P,,) - (K4 + N[PC] + P, )? ~ 4 N[PCJP,,,
P, =—* ks 5 Eq. 2)

Binding parameters (Table 3) were calculated from
corresponding linearized plots (Fig. 6B). Similar disso-
ciation constants were obtained for the 145-183 and
166-183 peptides whereas their maximal binding ca-
pacities were different.

Determination of the helical content and of the
orientation of the helices in the complexes

The alpha-helical content of the three peptides in 0.01
M phosphate buffer, pH 7.4, and in the 1:1 (v/v) buff-
er-TFE mixture was measured by circular dichroism
(Fig. 7). The alpha-helical content of the three peptides
(Table 4), calculated according to the method of Comp-
ton and Johnson (24), amounted to 30-40%. This is
lower than expected for amphiphatic helices. In the
presence of 50% TFE, the alpha-helicity of the three
peptides increased to above 50% as also occurred for the
lipid-associated peptides in the DMPC-peptide com-
plexes (Table 4) (25).

The dichroic ratio obtained from ATR measure-
ments, carried out at two orthogonal linear polarizations
of the incident light, indicates that the phospholipid
hydrocarbon chains are tilted at an angle of 14° from
the normal to the germanium surface for the
DMPC-peptide complexes. The band assigned to the
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Fig. 6. Assay of the binding of the synthetic apoA-I peptides to egg
lecithin unilamellar vesicles. A: Binding profiles of peptides to
unilamellar vesicles: apoA-1 145-183 peptide binding to 3.95 x 10-¢ m
egg lecithin ([J); apoA-I 166-183 peptide binding to 3.65 x 10-* M egg
lecithin (;do). The solid lines are theoretical Langmuir isotherms
calculated from equation 2. B: Linearized plots of the data from A
according to equation 1. The solid lines represent the least squares fit
to the data. The correlation coefficients (»?) are 0.979 and 0.994 for
apoA-I 145-183 and apoA-1 166-183, respectively.

alpha-helical structure in the amide I’ region, with a
maximum at 1657 cm-1, is oriented at 27° indicating that
peptide and phospholipid acyl chains are oriented par-

allel to each other as previously observed with apolipo-
protein-phospholipid discoidal complexes (5, 11).

DISCUSSION

In this paper we report the synthesis and the lipid-
binding properties of helical peptides of apoA-1. The
longer peptide (145-183) consists of two putative helical
segments, respectively 145-162 and 168-183, separated
by a beta-strand at residues 163-167, which can form a
stable pair of helices stabilized by ion-pairing between
charged residues on the edge of the helical segments
(15). The shorter peptides consists of, respectively, the
C-terminal helix (residues 166-183) and of the same
helix extended by a N-terminal beta-strand (residues
161-183). As these peptides contain either one or two
helical fragments, unfavorable interactions that could
lead to a destabilization of the helical dipoles were
avoided by preventing ionization of the N- and C-termi-
nal residues (26, 27). In a study of the effect of end group
blockage on the properties of the amphipathic helical
model 18A peptide, Venkatachalapathi et al. (28) fur-
ther suggested that the properties of the acetylated and
amidated peptide mimic more those of a native apopro-
tein.

Each peptide was therefore synthesized on a para-
methylbenzhydrylamine (MBHA) resin to add a C-termi-
nal amide function after HF cleavage. An acetylation
step performed at the end of each synthesis prevented
the ionization of the N-terminal residue. This type of
construct should better mimic the structure of the heli-
cal repeats of native apoA-I (28). This was confirmed by
the secondary structure determination of the synthetic
peptides whose helical content increased from 30 to
40% in aqueous solution up to 50% with addition of 50%
of trifluoroethanol. This solvent has been shown to
optimize the helical structure of peptides or proteins,
probably by its influence on their tertiary and quater-
nary structure (29). The alpha-helical content measured
for these peptides is in good agreement with data of
Fukushima et al. (8), who previously reported a 59%
helical content for another 44-mer repeat (121-164) of
human apoA-L

The study of the reversible binding of peptides to egg
lecithin vesicles showed that the dissociation constants
of the apoA-I 145-183 and 166-183 peptides are of the
same magnitude suggesting that the 18- and 39-residue
peptides did have similar affinity for the phospholipid
vesicles. A higher binding capacity was, however, ob-
served for the apoA-1 145-183 peptide (5.0 x 10-2 g/¢g),
as the maximal amount of peptide associated per g of
phospholipid was 7 times higher than for the apoA-I
166-183 peptide (6.8 x 10-3 g/g). The results obtained
for the longest peptide (residues 145-183) are in good

Vanloo et al. Apolipoprotein A-I synthetic peptides 1693

2T0Z ‘8T aunr uo ‘1sanb Ag 610" Jj-mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 3. Binding parameters of synthetic apoA-I 166~-183 and 145-183 peptides to egg lecithin
unilamellar vesicles

Kq N
Peptide M g/liter mol Peptide/mol PL (44
ApoA-1 166-183 1179 x 10-6 62.8 x 10-3 24 x103 6.8 x 10-3
(1.3 x 10-6)=
ApoA-1 145-183 13.7x 106 26.3 x 10-3 8.5 x10-3 50.3 x 10-3
(0.6 x 10-6)s

Ky is the dissociation constant and N is the upper limit of binding as defined in equation 1. The values
correspond to the intercept on the y-axis (-Kq) and to the slope (N) of the linear regression lines in Fig. 6A.
sStandard deviation on Ky calculated from a regression equation.

agreement with those of Fukushima et al. (8), whereas
these authors observed a decreased binding affinity and
no significant difference in the maximal binding capac-
ity for the shorter peptide (residues 144-165 compared
to 121-165). These divergences between data might be
due to differences in experimental methods used to
study reversible lipid-peptide binding. We separated

free and lipid-associated peptide by HPLC on a TSK
column whereas the previous authors used a Sephadex
200 column. Differences in column pressure, separation
time, etc. might have affected complex stability, espe-
cially with the shorter peptide.

Differences in complex stability appeared clearly dur-
ing separation and characterization of the DMPC-apoA-

CD (mdeg)

WL (nm)

Fig. 7. Circular dichroism spectra of synthetic apoA-l peptides at 23°C. Solid line: apoA-I 166-183 peptide in
0.01 M phosphate buffer, pH 7.4. Dotted line: apoA-1 161-183 peptide in the same buffer. Dashed line: apoA-1

145-183 peptide in the same buffer.
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TABLE 4. Alpha-helical content of the synthetic peptides derived
from the human apoA-I sequence in phosphate buffer, in 50% TFE
(v/v), and associated with DMPC in discoidal complexes
determined by circular dichroism (CD) measurements

% of Alpha-Helical Content
Inal:1(v/v) Associated with
In0.01m mixture of 0.01 M DMPC in
Phosphate Buffer, Phosphate Discoidal
Peptide pH 7.4 Buffer-TFE Complexes
ApoA-1 166-183 40 53 -
ApoA-1161-183 31 52 -
ApoA-1 145-183 29 56 59

The alpha-helical content was calculated according to Compton and
Johnson {24).

I peptides complexes as the complexes generated with
the shorter peptides, respectively, apoA-1 161-183 and
166-183 peptides, completely dissociated on the gel
filtration column. The stability of the complexes gener-
ated with the longer apoA-I 145-183 peptide was opti-
mal around the lipid transition temperature and de-
creased rapidly outside this temperature range as shown
by turbidity measurements. Compared to the complexes
prepared with native apoA-I, the complexes obtained by
incubating either DMPC or DPPC with the apoA-l
145-183 peptide have distinct features. The size of the
discoidal particles measured both from gel filtration and
from electron microscopy is about twice that of the
corresponding apoA-I-phospholipid complexes. As the
molar lipid-protein ratios are comparable, this means
that the packing of the lipids in the core of the discoidal
DMPC-peptide or DPPC-peptide complexes is less
tight than in the apoA-I-lipid complexes. Calculated on
the basis of the helical repeats present in apoA-I and in
the apoA-1 145-183 peptide, this ratio corresponds to,
respectively, 15 and 50 phospholipids per helical seg-
ment oriented parallel to the phospholipid acyl chains.
This observation is further supported by the fluidity data
showing that the association with the apoA-1 145-183
peptide affects the mobility of the acyl chains to a lesser
extent than for native apoA-I.

The greater stability of the complexes generated with
the longer apoA-1 145-183 peptide is also due to the
cooperative helix-helix interaction as observed by
Fukushima et al. (8) for the apoA-l1 121-164 peptide.
Anantharamaiah et al. (30) have shown that the covalent
linkage of an 18A dimer by a proline enhances the lipid
affinity of the peptide and improves the stability of the
complex. They suggested that the cooperative helix-he-
lix interactions better mimic the apolipoprotein-lipid
association due to the cooperativity of amphipathic
helical domains.

Boguski et al. (31) suggested that the 22-mer and
44-mer repeats of apoA-I and apoA-1V are the functional

units in the sequences of these apolipoproteins. As
amphipathic helical peptides probably adopt an ex-
tended conformation at a lipid-water interface, a com-
parison of the behavior of these peptides in solution and
at the interface is rather difficult. Our experiments
document the stability, the morphology, and composi-
tion of both complexes generated with a peptide in its
native, non-denaturated form.

The data presented in this paper lend further support
to the hypothesis that peptide-peptide interactions con-
tribute to the stability of discoidal phospholipid-
apolipoprotein complexes (32-34). Such interactions
consist mainly of hydrogen bonds and salt bridges be-
tween residues along the edge of the adjacent helices of
apoA-1, A-1V, and E in the complexes (15, 34, 35). Such
interactions were also observed in the crystalline struc-
ture of the N-terminal of apoE (36). These interactions
account for the cooperativity of the lipid-apolipopro-
tein association and determine the higher stability of a
nonatriacontapeptide compared to a tricosapeptide,
which in turn yields complexes that are still less stable
than native apoA-L.

In conclusion, the 39-residue peptide synthesized
here, consisting of two 17-residue helices separated by
a five-residue beta-strand, is likely to represent a stable
functional unit of apoA-1. The three- to fourfold repeti-
tion of such an unit is a unique feature which might
account for some of the physiological and structural
properties of this apolipoprotein. B
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