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Summary: Chromatographically and immunologi-
cally homogeneous apolipoprotein A-I (apoLp
A-l) from human serum has been recombined in
separate experiments with three species of
sphingomyelin. They differed in the degree of
saturation of their fatty acyl residues, stearoyl
(18:0), oleoyl (18:1) and linoleoyl (18:2). The
lipoprotein complexes formed were purified by
CsCl density gradient centrifugation between

1.07 - 1.09 g/cm3 and by gel filtration. Stearoyl-
sphingomyelin does not recombine with the
apoprotein A-I below its phase transition tempera-
ture (¢, = 41.5 °C)*.

The lipoproteins eluted with the following ap-
parent molecular weights: 18:0-sphingomyelin
apoLp A-l, 8.0 x 10%; 18: 1-sphingomyelin apoLp
A-1,4.0 x 105; and 18:2-sphingomyelin apoLp
A-1,4.0x105.

In electron microscopy the particles appear as
discs of 160 - 170 A diameter and 50 - 60 A
thickness. Their tendency to form stacked ag-
gregates of discs decreases with the degree of
their unsaturation.

CD measurements underline the considerable in-
crease in a-helicity of the secondary structure of
apo A-I after recombination with the phospho-
lipids. This increase in order is equal for the three
sphingomyelin species (a-helicity of apoLP A-I =
0.46, after recombination 0.89).

If the three sphingomyelin species are used in
equal molar amounts in the recombination ex-
periment, no preference for any one sphingomye-
lin species is observed.

Recombination of apoLp A-I with sphingomye-
lin, labelled with the isotope !3C in the choline
group, C-14 of stearic or linoleic, or C-11 of oleic
acid, were performed for spin lattice relaxation
time (7'} ) experiments. Compared with sphingo-
myelin liposomes, the polar head groups of these
lipids in the lipoprotein particles possess a con-
siderably higher mobility, whereas the changes in
T, -times of the C-atoms in the centre of the fatty
acid chains of the lipids refer to their interactions
with the polypeptide side chains.

A model of the lipoprotein complexes formed is
proposed on the basis of the experimental data.

Enzyme:

Phospholipase A, phosphatide 2-acylhydrolase (EC 3.1.1.4).

Abbreviations:

apoLp A-l = Apolipoprotein A-I of human high density lipoprotein (HDL); lecithin = phosphatidylcholine;
prefixes (18:0, 18:1, 18:2) indicate substituting fatty acyl residues (stearoyl, oleoyl, linoleoyl) in sphingomyelins.

* For long chain base composition see Results.
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Lipid-Protein-Wechselwirkung zwischen menschlichem Apolipoprotein A-I und spezifischen Spezies

von Sphingomyelin: Eine 13 C-NMR-Untersuchung

Zusammenfassung: Chromatographisch und im-
munologisch einheitliches Apolipoprotein A-I aus
menschlichem Serum wurde in getrennten Ex-
perimenten mit je drei Spezies von Sphingomye-
linen, die sich durch die steigende Zahl der Dop-
pelbindungen der Fettsiuresubstituenten unter-
schieden, rekombiniert. Die gebildeten Lipopro-
teinkomplexe wurden durch Caesiumchlorid-
Dichtegradientenzentrifugation bei einer Dichte
von 1,07 - 1.09 g/em? und durch Gelfiltration
gereinigt. Die Lipoproteine wurden mit folgenden
apparenten Molekulargewichten eluiert: 18:0-
Sphingomyelin-apoLp A-I 8.0 x 105, 18:1-
Sphingomyelin-apoLp A-1 4.0 x 10° und 18:2-
Sphingomyelin-apoLp A-I 4.0 x 105,

Unterhalb des Phasenumwandlungspunktes des
18:0-Sphingomyelins (7, = 41.5 °C)* findet keine
Lipid-Apoprotein-Assoziation statt.
Elektronenmikroskopisch besitzen die Partikeln
Scheibenform von 160 - 170 A Durchmesser und
50 - 60 A Dicke. Thre Aggregationsneigung nimmt
mit dem Grad der Ungesittigtheit ab.

CD-Messungen unterstreichen die erhebliche Zu-
nahme des a-helicalen Gehaltes der Sekundir-

struktur nach Assoziation mit diesen Phospho-
lipiden. Ein Unterschied zwischen den Spezies be-
steht nicht (a-Helicitit des apoLP A-I1 = 0.46,
nach Rekombination 0.89).

Werden dquimolare Mengen der drei verschiede-
nen Sphingomyelinspezies gleichzeitig mit apoLp
A-1 rekombiniert, so wird keine Spezies bevor-
zugt gebunden.

Rekombinate von apoLp A-I mit Sphingomyeli-
nen, die in der Cholingruppe bzw. an C-14 der
Stearin- und Linolsiure bzw. C-11 der Olsiiure
mit '3C markiert waren, wurden Spin-Gitter-Re-
laxationszeitmessungen unterzogen. Verglichen
mit den aus den Sphingomyelinen hergestellten
Liposomen zeigte sich eine deutliche Zunahme
der Beweglichkeiten der polaren Kopfe in den
Lipoproteinkomplexen, wihrend die 7', -Zeiten
der Alkanketten-C-Atome der Lipide auf eine
Wechselwirkung mit den Polypeptidketten hin-
weisen.

Es wird ein Modell fiir die gebildeten Lipoprotein-
komplexe auf der Basis der erhaltenen experimen-
tellen Daten vorgeschlagen.

Key words: Apolipoprotein A-I-13C-labelled sphingomyelin recombinations; sphingomyelin species; lipoprotein
particles; spin-lattice relaxation times; structure of particles.

Human high density serum lipoproteins (HDL) are
spherical particles of 80 - 100 A diameter suitable
for the study of lipid-protein interactions. They
are easily accessible and of limited complexity
with regard to their lipid and protein composition.
Due to the known amino acid sequence of their
two main apoproteins apoLp A-Il1] and apoLp
A-112], the apoproteins present themselves as
promising models for the study of the mode and
site of the binding of phospholipids to polypep-
tide chains in recombination experiments. The
understanding of the spatial arrangement of the
components in recombined lipoprotein complexes
might give insight into the native structure of

* Sphingosinbasenzusammensetzung siehe Results.

these lipid-transporting particles; moreover, gen-
eral aspects of the nature of lipid binding to apo-
proteins, also governing membrane architecture,
may evolve. In addition, our understanding of
the physiology of high density lipoproteins could
be promoted.

Our experimental approach to these problems is
based mainly on two techniques, namely NMR
spectroscopy!®4] and photoaffinity labelling
techniques®. NMR spectroscopy, particularly 13C
and *'P NMR, allows insight into the dynamic
properties of the lipid components in a lipopro-
tein complex, provided the '3C nucleus has been

* Stoffel, W. and Diirr, W., manuscript in preparation.
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enriched in particular positions, e.g. the polar
head groups ot the alky! chain of the fatty acid
residues of phospholipids!S]. Our previous !3C
NMR studies have shown that the polar head
groups of the lecithin and sphingomyelin molec-
ules are freely mobile, whereas their fatty acyl
chains have restricted mobilities when bound to
the apoHDLI(3:4].

The main apolipoprotein of HDL is apoLp A-l.

In this paper the results of experiments are re-
ported, in which we have investigated the prop-
erties of lipoprotein complexes recombined under
standardized conditions!6!, and consisting of
apoLp A-l and sphingomyelin, with regard to its
stoichiometry by radiochemical analysis, molec-
ular weight of the particle formed, electron
microscopic appearance of the lipoprotein com-
plex, changes in e-helicity induced by lipid bind-
ing by CD measurements and the dynamics of the
lipid mobility in the lipoprotein complex by spin-
lattice relaxation time experiments in partially
relaxed Fourier transform NMR-spectroscopy.

Methods and Materials

Apolipoprotein A-I was prepared from human high
density lipoprotein isolated by the sedimentation-flota-
tion method“! and purified by DEAE-cellulosel8-21
and Sephadex G-200 chromatography[10]. The apopro-
tein proved to be homogeneous in disc/1!] and slab gel
polyacrylamide gel electrophoresis 12] and in the im-
munodiffusion testl!3]. ¥-Stearoyl-, N-oleoyl- and
N-linoleoylsphingosylphosphocholines labelled either
with the corresponding radioactive or * 3C-abelled fatty
acids were synthesized in this laboratory! 14!, Lysoleci-
thin prepared from soy lecithin by phospholipase A,
(Crotalus adamanteus) hydrolysis was catalytically
hydrogenated.

The recombination procedure described before! 8 has
been slightly modified: vesicles from sphingomyelin

(35 pmol) were prepared by sonication (30 min, 70 W,
nitrogen atmosphere) above the phase transition temper-
ature, i.e, at 50 °C in the case of N-stearoylsphingomye-
lin (t¢ = 41.5 °C), but at 4 °C with the other sphingo-
myelins: 3.0 m/ 0.01M Tris buffer, pH 8.2 (1.17 g NaCl,
7.44 g EDTA, 0.2 g NaN3 per liter) was used as suspen-
sion medium. 1-Stearoyl-3-gly cerophosphocholine

(14.5 pmol) and apoLp A-I (0.27 umol) were dissolved
in 50 m/ recombination buffer, pH 8.2, containing 8M
urea and stirred for 3 h. The temperature was raised to
50 °C in the three recombinations, so the conditions

would be uniform, and the apoLp A-I lysolecithin
complex added to the vesicle preparation over a period
of 10 min with stirring, which was continued in an N,
atmosphere at room temperature for 2 h more. The
recombination mixture was then dialysed against a solu-
tion containing 0.01% NaN3 and 0.01% EDTA (pH 8.0)
for 24 h at 4°C. The retentate was concentrated to a
volume of 1 - 2 m/ by ultrafiltration using an Amicon
UM2 ultrafilter. The lipoprotein complex separated well
on a Bio-Gel A-5m column (90 x 1.6 cm) from excess
lipid vesicles, which eluted with the void volume, and
traces of unrecombined apoLp A-l.

The sedimentation of the recombinants was studied by
CsCl gradient centrifugation (11 - 20.5%). The lipopro-
tein complexes had a density of 1.07 - 1.09 g/cm3. The
determination of the radioactivity of the sphingomye-
lins and phosphurous[ 15] in lysolecithin allowed the cal-
culation of the stoichiometry of the lipoprotein com-
plexes. Protein was determined with the Lowry meth-
0dl16] 4nd corrected for lipoproteins! 171,

Lipoprotein complexes were delipidated with chloroform/
methanol 2:1 (v/v). Lipids were separated by preparative
thin-layer chromatography (solvent system: chloroform/
methanol/ 10% ammonia 60: 30: 8). Fatty acids were
released from sphingomyelins by acid hydrolysisl 18]
and analysed by gas-liquid chromatography (2.5% EGS
on Chromosorb, 2-m column at 180 °C).

The phase transition temperature 7 of N-stearoylsphin-
gomyelin vesicles was determined by 90° light scattering
in a Perkin Elmer MPF III fluorimeter (d = 1 cm; 400 nm
excitation, 400 nm emission). Electron microscopy was
performed with a Philips EM 300 of samples negatively
stained with buffered 2% phosphotungstic acid.

Circular dichroism was measured in a Jobin-Yvon di-
chrometer III at 25 °C. The conditions were as follows:
lipoprotein complexes were dialysed against a buffer
containing 0.15mM KF, 1mM Tris, ImM EDTA, pH 8.0.
The clear suspension was diluted to a protein concen-
tration of 0.025 - 0.030 mg/mi, which corresponds to an
absorbance of 1.9 at 195 nm in a 0.1-cm cuvette. Molar
ellipticity [@] [deg x cm?2 x dmol~!] was calculated ac-
cording to

(€L — €R) x MRW

@] x 3300

exl
where €, and €g are extinction coefficients, MRW is the
average molecular residue weight, ¢ is the protein con-
centration (g/), and [ is the light path (cm). The a-heli-
city (fy) of the free apoLp A-I and the lipoprotein com-
plexes was calculated according to the approximation
of Chen and Yangl19],

! [@]a22 — 2340

n 30300
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Protein decoupled ! 3C-NMR spectra of the lipid vesicles
and the purified lipoprotein complexes were recorded
with a Bruker WH 90 pulse-spectrometer at 22.63 MHz
at 37 °C. Samples containing 6 to 12 mg apoLp A-I were
thoroughly flushed with argon. Spin-lattice relaxation
times and standard deviations were calculated with a
homemade computer program. Other conditions of the
Ty -experiments have been described beforel 3-5:14],

Results

Recombination of sphingomyelin species with
apolp A-I

Three species of sphingomyelins substituted with
stearic, oleic or linoleic acid were synthesized.
The fatty acids were either radioactively labelled
and/or enriched with 13C in position C-14 of
stearic and linoleic and C-11 of oleic acid. Fig. 1
visualizes the chemical and radiochemical purity
of the substrates N-stearoyl-, N-oleoyl- and N-
linoleoylsphingosylphosphocholine.

N-Stearoylsphingomyelin did not recombine at
room temperature, in contrast to the unsaturated
species. Therefore it was essential to know the
phase transition temperature of N-stearoylsphin-
gosylphosphocholine. This was determined to be
41.5 °C. (The phase transition temperature of
N-linoleoylsphingosylphosphocholine was 12 °C,
that of the corresponding oleoyl compound could
not be determined because of the limited amount
available.) The sphingomyelins contained 39.8%
sphinganine and 60.2% 4 t-sphingenine. A vesicle
suspension obtained by ultrasonication (30 min,
70 W, N, atmosphere) was submitted to a rever-

L |
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18:018:1 18:2 Radioactivity —

Fig. 1. Radio thin-layer chromatogram of N-[3H |stea-
royl-, N-[ 3H]oleuyl— and V| 3H]lfnuleuy]sphingnsyl—
phosphocholine.

Solvent system: chloroform/methanel/water 65:25: 4.

sible heating-cooling cycle and simultaneous light
scattering measurement of the absorption emitted
at 400 nm and excitation at 400 nm (Fig. 2) and
by the monolayer technique.

Light scattering —=

Fig. 2. Determination of
phase transition tempera-
ture (f;) of N-stearoyl-
sphingosylphosphocholine
by light scattering.

A temperature cycle be-
tween 27 °C and 50 °C was
applied, excitation and
emission wavelength of
the Perkin Elmer MPF II1
fluorescence spectrometer
was set at 400 nm.

% n % )
Temp.[ °C) —s=

54
8
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The principle of the recombination procedure
described beforel6] was further elaborated: the
apoLp was unfolded in 8m urea and complexed
with saturated lysolecithin, mainly 1-stearoyl-3-
glycerophosphocholine. Then a suspension of
sphingomyelin vesicles, which after negative
staining appeared as unilammelar liposomes of
500 to 1000 A diameter in electron microscopy,
was added and the exchange of lysolecithin by
sphingomyelin molecules allowed to proceed,
first at room temperature and afterwards under
dialysis conditions at 4 °C, The reaction mixture
then consisted of the lipoprotein complex, trace
amounts of non-recombined apoLp A-I and dis-
sociated lysolecithin, and traces of excess sphingo-
myelin. In general this recombination procedure
was carried out at 50 °C in all association experi-
ments because N-stearoylsphingosylphospho-
choline, with a phase transition of 41.5 °C, did
not bind below this temperature.

Purification of sphingomyelin-apoLp A-I complex
The lipoprotein complexes were purified in two
ways. The dialysed preparations were concen-
trated by ultrafiltration to a small volume and
then submitted to a continous CsCl density
gradient centrifugation (11 - 20.5% CsCl). The
three sphingomyelin-lysolecithin-apoLp A-I com-
plexes (Fig. 3) concentrated at a density of 1.07 -
1.09 g/fem3. The 18 :0-sphingomyelin-apoLp A-l
complex aggregates at this density but completely
disaggregates during the 24 h dialysis at pH 8.0.
Component analysis of the purified lipoprotein
complexes resulted in the molar ratios given in
Table 1.

The lipoprotein complexes can also be separated
from non-recombined apoLp A-I and excess lipids
by agarose chromatography (Bio-Gel A-5m

1.60 x 90 em), Fig. 4.

The lipoprotein complex separates well from ex-
cess lipid, which elutes in the void volume, and

= =
oy =
1 1 1

Sphingomyelin [umot ] —sm=—

2 4 § [} 10 12
Fract-no, —==

Fig. 3. CsCl density gradient centrifugation of sphingo-
myelin-lysolecithin-apoLp A-1 complexes.

The fatty acids in the sphingomyelin component are
indicated at the curves,

traces of non-recombined apoLp A-I. The analyses
of the lipoprotein complexes corresponded to
those of the respective recombinants purified by
CsCl gradient centrifugation, given in Table 1.

Agarose chromatography of the CsCl gradient
preparation, or CsCl gradient centrifugation of
the lipoprotein purified by agarose chromato-
graphy, did not alter the stoichiometry of the
complexes. ApoLp A-l and sphingomyelin were
recovered in the lipoprotein particles in high
yields. They are summarized in Table 2.

Electron microscopy of lipoprotein particles
Negatively stained lipoprotein particles of the
aforementioned composition have a disc shape,
160 - 170 A in diameter and 50 - 60 A high. The
tendency to form stacked discs decreases with
increasing degree of saturation of the fatty acyl
residue of the sphingomyelin in the lipoprotein
complexes (Fig. 5).

Table 1. Molar ratios of components in sphingomyelin-lysolecithin-apoLp A-I complexes purified by a) CsCl gradient

centrifugation and b) Bio-Gel A-Sm chromatography.

a) CsCl gradient b) Bio-Gel A-5m

N-Stearoylsphingosylphosphocholine:lysolecithin:apoLp A-1
N-Oleoylsphingosylphosphocholine:lysolecithin:apoLp A-I
N-Linoleoylsphingosylphosphocholine:lysolecithin:apoLp A-l

110:20:1 103:21:1
80:17:1 95221101
TOL T 85:19:1
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al 8:0

Fig. 4. Agarose chromatography

(Bio-Gel A-5m, 100 - 200 mesh)
of a) N-[3H|stearay -, b) N-[3H}-
oleoyl- and ¢) N-[3H]linoleoyl-
sphingomyelin-lysolecithin-
apoLp A-I complexes.

———, A3gq; =—=, radio-
activity.

105 x Radioact.[dpm] — e

Eluant[m!l ] —=

Table 2. Recovery of apoLp A-I and sphingomyelin in
purified lipoproteins.

Recovery [%]
Sphingomyelin ApoLp A-1 Sphingomyelin
18:0 77 68
18::1 87 69
18:2 15 54

Molecular weight determination of lipoprotein
particles by gel filtration

Gel filtration of the three purified lipoprotein com-
plexes on a Bio-Gel A-5m column (1.6 x 90 ¢cm)
calibrated with the test proteins glutamate dehy-
drogenase (M, = 1.0 x 108), aldolase (M, =

1.6 x 10%) and trypsin (M, = 1.8 x 10%) revealed
apparent molecular weights of 8.0 x 10° when
N-18:0-sphingomyelin and 4.0 x 105 when the
N-18:1 and N-18:2-sphingomyelin species were
reassembled with the apoLp A-l.

Circular dichroism of reassembled sphingomyelin-
apolp A-I particles

ApoLp A-l in.aqueous solution preserves part of
its secondary structure, Fig. 6. Its ellipticity © is

still 1.6 x 10% deg x cm? x dmol—!, which cor-
responds to a degree of a-helicity of fi; = 0.46.
Binding of any of the three model sphingomyelins
enhances the helix content considerably, as shown
in Table 3. This is independent of the structure
of the sphingomyelin species (Table 3).

Table 3. Ellipticity (@) and a-helix content (f) of
apoLp A-l (first line), free and recombined with the
three sphingomyelin species.

The stoichiometry is that given in Table 1.

Sphingomyelin 107%xe it
species [deg x ecm? x dmol™1]

- 1.6 0.46

18:0 - 3.1 0.94

8:1 -29 0.89

18:2 - 3.1 0.94

The CD spectrum of the N-stearoylsphingomyelin
containing lipoprotein complex is characterized
by a pronounced negativity in the far UV region,
which is caused by the light scattering of the
highly aggregated lipoprotein particles.
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Fig. 5. Electron micrographs of negatively stained (2%
buffered phosphotungstic acid) sphingomyelin-lyso-
lecithin-apoLp A-I particles.

a) N-Stearoyl-, b) N-oleoyl- and c) N-linoleoyl-sphingo-
sylphosphocholine containing lipoprotein particles.
Note the increasing disaggregation of stacked discs. The
bars indicate the length of 1000 A.

an
rd

:
5

107 x @ [dag x cm? x dmo(-!] —=
3

)
P

=404

190 G
Afnm] —=

Fig. 6. Circular dichroism measurements.

1) Sphingomyelin vesicles (for conditions see Material
and Methods)

2) apoLp A-I

3) N-linoleoylsphingomyelin-apoLp A-I complex

4) N-oleoylsphingomyelin-apoLp A-1 complex

5) N-stearoylsphingomyelin-apoLp A-I complex.

Role of the double bonds of the sphingomyelin
species for the affinity to apoLp A-I

Although the stoichiometry, molecular weight,
particle size and CD strongly indicated a lack of
preference of the apoLp A-I for any one of the
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three sphingomyelin species, the crucial experi- the equimolar sphingomyelin mixture of the
ment consisted of the reassembly of sphingomye-  liposomes by acidic hydrolysis corresponds to
lin liposomes containing the three species in that of the sphingomyelins bound in the purified

equimolar amounts with apoLp A-l. The composi- lipoprotein complexes and recovered by chloro-
tion of the fatty acid methy! esters isolated from  form/methanol extraction.

Liposomes

7= 360 ms T, =594 ms

Lipoprotein complex

L =4l4ms Ty = 468 ms

Fig. 7. Spin-lattice relaxation time determination of N-[14-13C]linoleoylsphingosyl-
phospho-[N-13CH 3|choline in liposomes and in the sphingomyelin-lysolecithin-apoLp
A-l complex.
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Table 4. Spin-lattice relaxation times (Ty) of 13C-labelled sphingomyelin liposomes and the respective sphingomyelin-

lysolecithin-apoLp A-l complexes.

13C-labelled sphingomyelin i Ty [ms] of nuclei*

[ Liposomes Lipoprotein Molar ratio of
apoLp A-I:sphingo-
myelin lysolecithin

N-[11-13C}- and N-[14-13C)stearoyl- '
sphingosylphospho-|N-13CH3 Jcholine
N-CH5 274 + g* 389 £ 31 1:75:27
C-11 50 183 + 28
C-14 50 234 + 11 1:121:16
N-[11-13C]oleoyl-sphingosy Iphospho-
-[N-13CH; |choline |
N-CH3 3416 435+ 7 1:84:44
C-11 22712 206 +12
N-{14-13Cllinoleayl-sphingosylphospho-
-IN-13CH;]choline
N-CHj3 360 = 12 414 + 13 1:72:24
C-14 594 + 13 468 + 17

* Figures indicate the maximal error possible in the graphical evaluation of the T'j-times. The experimental error

does not exceed 5%.

13¢C NMR spectroscopic studies on the sphingo-
myelin-lysolecithin-apoLp A-I complexes

The !3C NMR spectroscopic studies required re-
combinations with 5 to 10 mg apoLp A-I. They
were reassembled with the three sphingomyelin
species now labelled at C-14 (stearic), C-11 (oleic)
and C-14 (linoleic acid) and in addition, in the
N-CH, group of the choline moiety in the way
outlined before. These preparations gave excel-
lent signals of the '2C enriched positions in the
fatty acyl chains or the polar head group. Spin-
lattice relaxation times (7' ) of these nuclei could
be accurately determined in the lipid molecule
associated with the apoLp A-I and in liposomes
prepared from the lipids after extraction of the
lipoprotein particles. An example is given in

Fig, 7. T times are summarized in Table 4.

The T, -times of choline methyl groups of all
sphingomyelins increase considerably after bind-
ing to the apoLp A-L. The T, -time of the '3C
nuclei in positions 11 and 14 of the N-stearoyl
group in sphingomyelin is not accurately measur-
able in the liposomes, because they form rigid,
crystalline bilayers. However, associated with the

apolipoprotein, its resonance line becomes clearly
visible, although as a broad signal. Therefore, the
alkyl chain has a higher degree of mobility than
in the liposomes. On the other hand, C-11 of
oleic and C-14 of linoleic acid in sphingomyelin
suffer considerable restriction in their mobility
after recombination with apoLp A-I, which is ex-
pressed in the reduced 7'y -times.

Discussion .

ApoLp A-l is the major apoprotein of the human
high density lipoprotein particle which, together
with apoLp A-II and the phospholipid classes
phosphatidylcholine and sphingomyelin and
cholesterol, forms the skeleton of this spherical
lipoprotein, the main function of which is the
transport of the cholesterol esters to the liver

for further catabolism. We have proposed a model
of the HDL particle!3-41, in which the polar head
groups of the phospholipid molecules, together
with the hydrophilic face of the amphiphilic
apoproteins, are turned to the surface of the
spherical particle, whereas the fatty acyl chains
of lecithins and sphingomyelin interact with the
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hydrophobic side of the apoproteins, which we
believe to border the hydrophobic nucleus con-
sisting mainly of cholesterol esters.

Systematic investigations of the lipid-binding
properties of the individual apolipoproteins have
now been initiated, which not only should facili-
tate our understanding of the HDL particle
structure, but more generally of the principles of
lipid to polypeptide binding.

The line of our approach reported in this paper is
to reconstitute lipoprotein particles consisting of
apoLp A-I and single sphingomyelin species. By
changing the degree of unsaturation of the fatty
acid substituting the sphingosylphosphocholine
moiety, we should be able to elucidate the in-
fluence of double bond systems of the acy! resi-
due in the association to the polypeptide chains.
The stoichiometry of the lipoprotein particles
formed, their electron microscopic shape and size,
their apparent molecular weight, together with
the dynamic changes in the secondary structure
of the apoprotein induced by the binding of the
lipids, and the mobility properties of their hydro-
phobic chains and their hydrophilic polar head
groups should suffice to derive a proposal for the
molecular arrangement of the components in
these lipoproteins.

The studies described in this paper demonstrate
that the recombination method developed be-
forel6) yields lipoprotein complexes of repro-
ducible stoichiometry not significantly dependent
on the sphingomyelin species. Each apoLp A-I
molecule binds 80 - 100 sphingomyelin and 20
lysolecithin molecules. An association of the
sphingomyelin molecules occurs only above their
phase transition temperature (7.), which was

clearly proven with /V-stearoylsphingosylphospho-

choline. This species did not form a lipoprotein
complex at all below ¢, = 41.5 °C. The molecular
weight determination by agarose chromatography
gave values of 800000 for the 18:0-sphingomye-
lin-apoLp A-I complex but 400000 for the two
unsaturated species 18:1- and 18:2-sphingomye-
lin apoLp A-I particles.

We have no explanation for the high apparent
molecular weight of the former particle, but that
it elutes as a dimer. It does not differ in size and
shape from the other two particle preparations in
electron microscopy.

This explanation is supported by the great tend-
ency of these disc-shape particles to aggregate to
stacked discs.

The three lipoproteins have the same appearance
in electron microscopy. They form discs of 160
to 170 A diameter and 50 to 60 A height. Higher
resolution reveals a sandwich structure of these
particles. a-Helicity of the apoLp A-l is increased
considerably by lipid binding (80%), which indi-
cates the high degree of order induced. it allows
the helices to arrange in the two dimensions of
the surface. We have calculated, according to
Chou and Fasman(20], that apoLp A-l potentially
can form up to 70% a-helix and 10% f-structures.
These areas possess opposite, bilateral properties,
amphiphilicity, with a concentration of hydrophi-
lic residues on one side and hydrophobic on the
other. This can be demonstrated clearly in Corey-
Pauling-Koltun models of the polypeptide chains.
Induction of a-helicity by lipid association there-
fore neccessarily increases this amphiphilicity.

The 13C NMR spin-lattice relaxation fime ex-
periments indicate that the polar head groups in
the apoLp A-I sphingomyelin-lysolecithin lipo-
protein complexes gain considerably in mobility
as compared to the well-ordered arrangement in
the liposome, with its limited space available for
the polar head group. The increase in the T’ -time
of the choline group expresses the reduction of
the packing, and therefore the surface density on
the lipoprotein. On the other hand, the reduction
of the 7', time of C-11 and C-14 of oleic and
linoleic acid in sphingomyelin after binding to the
polypeptide chains of apolp A-L refers to the 1e-
stricted mobility of the hydrophobic chains due
to their interactions with the hydrophobic side
chains of the apoLp A-L. The reversed observa-
tion is made with N-stearoylsphingosylphospho-
choline. Liposomes of this sphingomyelin species
labelled at C-14 of the stearoyl residue exhibit
only a very broad signal, even beyond the ¢.. An
accurate evaluation is not possible, due to the
small 7} (< 50 ms). In association with apoLp
A-l however the resonance line sharpens and the
T, experiment gave a value of 234 ms.

This increase in motional freedom can be ex-
plained either by the increased space available per
molecule lipid in the lipoprotein, as compared to
the quasi crystalline state in the liposome with the
limited possibility of trans-gauche isomerizations
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and kink formations, which are the main me-
chanisms of the spin-lattice relaxation or the
interactions (“solution™) of the hydrocarbon
chain of the stearoyl residues in the hydrocarbon
milieu of the hydrophobic side of the apoLp A-L.
This would lead to the same effect on the relaxa-
tion mechanism. Taking all the stoichiometric,
physical, electron microscopic and NMR data
together, we suggest the molecular arrangement
of these lipoprotein particles shown in Fig. 8. The
hydrophobic sides of two apoLp A-l molecules
on each side of the sandwich structure are op-
posite each other, and likewise the fatty acid
tails of the sphingomyelin and lysolecithin molec-
ules interact with their “sticky ends”. This would
mean that only hydrophobic forces between
apoLp A-I molecules and the sphingomyelins
stabilize the lipoprotein complex. The polar head
groups, on the other hand, are oriented together
with the hydrophilic side chains of the apoLp
A-I molecules towards the outside of the disc-
shaped particle.

Present studies are concerned with a chemical ap-
proach to localizing the polypeptide neighbour-

sphingomyelin

lysolecithin

residues

a-helical
backbone

Fig. 8. Proposed model of the [ipid-protein arrangement
in the apoLp-A-1 sphingomyelin-lysolecithin particles.

Prof. Dr. Dr. W, Stoffel, Dr. W. Diirr and Dipl. Chem. K. P.
Joseph-Stelzmann-Str. 52, D-5000 Ko6in 41.

hood of the sphingomyelin and Iysolecithin
molecules in the reassembled lipoprotein com-
plexes.
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