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1. Introduction 

In their recent study, Shipley et al. [ 1 ] presented 
data on the structure of HDL, as obtained from X-ray 
small angle scattering. The results were in good qualita- 
tive agreement with the results of our previous studies 
on LpA from HDL3 [2,3] indicating a common 
molecular architecture for these two species of human 
plasma high density lipoproteins. However, the pro- 
posed model for HDL, was based only on comparison 
of theoretical and experimental scattering curves, ob- 
tained from experiments in solvents of one single elec- 

tron density. In this case where a non homogeneous 
electron density within the molecule must be assumed 
a priori, the fit of the data is only to be considered as 
a necessary but not sufficient condition. Therefore we 
extended our studies on lipoproteins also to the HDL, 
species. This article is a report on the results which 
were obtained from X-ray small angle scattering of 
LpA from HDL, in different solvents. For the trans- 
lation of the scattering data into real space informa- 
tion we employed for the first time a novel procedure 
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of Fourier transformation, which greatly reduces the 
potentially misleading influence of nonidealities in 

the experimental procedure, especially the termina- 
tion effect. The results confirm the lipid core model 
and provide some additional information about the 
arrangement of the lipids within the molecule. 

2. Materials and methods 

2.1. The sumple 
LpA from human plasma HDL, containing only 

ApoAI and ApoAII as protein constitutents was pre- 
pared according to the procedure described by 
Kostner et al. [4, 51. Concentrations were determined 
by dry weight and dilution series were prepared by 
mixing with equilibrium solvent (0.15 M NaCl, 0.1% 
NaN,). Different solvent electron densities were ob- 
tained by exhaustive dialysis against sucrose solutions 
of various concentrations: 7%, 15%, 25%, 32%, 40% 
and 65% (w/w). All samples were found to be mono- 
disperse by analytical ultracentrifugation. 

Molecular weight, partial specific volume and 
chemical composition of the samples are given in 
table 1. Partial specific volume determinations were 
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Table 1 
Molecular composition of LpA from HDLa 

______-. _~._______ 
HDLz 

Total protein (% w/w) 42% 

Total lipid (% w/w) 58% 

Phospholipids 23% (55) 
Cholesterol 4% (9.5) 
Cholesterol ester 13% (31) 

Trigly ceride 2% (4.5) 

58% (100) 

Molecular weight (UZ) 3.6 X 10’ 
Molecular weight (XSAS) 3.6 X 10’ 
Partial specific volume 0.903 (0.917) g/cm3) 

4°C (25°C) 

performed by differential density measurements em- 
ploying the Digital Density Meter DMA 02/C (Anton 
Paar, Graz) which allows an accuracy of 2 X lo-6 
g/cm3 in aqueous solutions [6]. 

2.2. X-ray measurements and data evaluation 

X-ray experiments were performed as described 

earlier [7, 81 using a Kratky camera and electronic 
step scanning [9] and counting devices. Monochroma- 
tisation was achieved by means of a pulse height dis- 
criminator and a subsequent mathematical procedure 
described by Zipper [ lo] which eliminates the in- 

fluence of Kp radiation. The same number of pulses 
(5 X 105) was counted at each point of the scattering 
curve within the angular range of 

8X 10-3<h<4X 10-lA-l(h=~ l sin2r9) 

During the measurements the sample was kept at a 
constant temperature of 4°C by use of a Peltier cuvette 
[ 1 l] . The influence of inter-particular interference was 
eliminated by measurements of a dilution series in the 
small angle region of the scattering curve and extra- 
polation to zero concentration. Desmearing of the 
data was obtained by an iterative numerical method 
recently described by Glatter [ 121. Radii of gyration 
were determined from the Guinier plots log I vs. h2 
[ 131 (as well as from the electron density distribution 
and the correlation function). 

Fig. 1. Experimental scattering curve of LpA from HDLz in 0.15 M NaCl, 0.1% NaN s, desmeared. The filled circles indicate the 

angular terminations for the Fourier transformation. 
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Fig. 2. Dependence of the radius of gyration on solvent elec- 

tron density. (o) Experimentalvalues; (-) theoretical values 

for the model resulting from alternating signs of the ampli- 

tudes. 

For Fourier transformations the experimental scat- 
tering curve (fig. 1) was extrapolated to zero intensity 
in the region of the minima and the amplitudes were 
given alternating signs starting with a positive first 
maximum due to the net positive electron density of 
the molecule in 0.15 M NaCl solution. This sign com- 
bination was found to be valid by measurements of 
the radius of gyration in different solvent electron 
densities and comparison to the theoretical values cal- 
culated for the model which results from this assign- 

ment (fig. 2). 
In order to reduce the obscuring effect of the termi- 

nation at finite angles we employed a refined method 
of Fourier transformation [ 141 which is briefly de- 
scribed in the Appendix. 

Apart from the ambiguities arising from different 

Fig. 3. Comparison of radial electron density distributions as 

obtained from direct (- - - - -) and indirect (--) Fourier 

transformation with different termination angles. The lower 

right diagram shows also the correspondent step model. 

possible assignments of the amplitudes the optimal fit 
of the experimental and model scattering curve by it- 
self cannot serve as a criterion for the validity of the 
model. We consider the relative invariance with re- 
spect to the termination angle as an additional and 
strong criterion for the proposal of a model. A compa- 

rative example of this invariance is given in fig. 3, 
where the results for different termination angles 
are shown for both, conventional Fourier transform 
and our indirect procedure. 

3. Results and discussion 

The comparison of the experimental and theoreti- 
cal scattering curves (fig. 4) for the radial electron 

density functions (fig. 3) indicate that a spherical 
model is a good approximation to the structure of 
HDL2. Angular positions as well as intensities of the 

maxima are in good agreement. The deviations in the 
region of the minima reflect that the assumption of 
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Fig. 4. Comparison of the experimental scattering curve 

(a, l ) with the model scattering curves calculated from 

Spline functions (- - - - -) and step functions (---). 

sphericity is an idealisation. However, since particular- 
ly in these regions the scattering curve is exceedingly 
sensitive to several factors (deviations from sphericity, 
small amounts of aggregates, imperfections in desmear- 
ing) a quantitation of the deviation from sphericity 
can hardly be achieved. 

We found the radius of gyration in 0.15 M NaCl 
to be 57 A. We are not in a position to discuss 
the discrepancy between this value and the value found 
by Shipley et al. [l] on a firm basis. It might be due 
to differences in the preparation as well as slight dif- 
ferences in solvent composition and temperature 

which have a strong influence on the radius of gyra- 
tion of particles with nonuniform electron density. 

The resulting electron density function and the 
radial dimensions show that LpA from HDL, has an 
average diameter of approximately 114 A. The outer 
shell of 14 A thickness indicates by its volume and 
electron density the surface location of the constituent 

peptides and the phospholipid polar head groups. The 
dimensions and electron density of the low electron 
density core corresponds in our opinion to a spherical 
micellar arrangement of the constituent lipid mole- 
cules with the cholesterol esters present in an etiended 
conformation similar to the model obtained for LpA 
from HDL, [3]. This is in good agreement to the re- 

sults from n.m.r. spectroscopic experiments [15, 161. 
The slight increase of electron density towards the 

centre of the molecule cannot be discussed with any 
certainty, since valuable information about this region 
lies beyond the resolution of our experiments. From 
its invariance to the termination [fig. 31 it might be 

speculated that this increase might be due to a central 
position of the cholesterol moieties with the fatty 
acid chains of the cholesterol esters interdigitating 
with the phospholipid hydrocarbon chains. 

The described results confirm the view that HDL, 
and HDL, are formed according to a common structur. 
al principle. Together with the fact that they represent 
different molecular species with different protein to 
lipid ratio this indicates that the apoproteins ApoAI 
and ApoAII are capable of binding and solubilising 
discrete portions of phospholipids, cholesterol and 
cholesterol esters. 
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Appendix 

Indirect Fourier transformation 

This new method for Fourier transformation was 
presented in Grenoble 1973 [ 11. A detailed paper is 
in preparation and will be published elsewhere. 

The indirect Fourier transformation minimizes the 

termination effect and gives a weighted least squares 
approximation to the measured data. No artificial 
‘temperature’ or ‘convergence’-factor is used (B.E. 
Warren [2] ). No extrapolations beyond the limits of 
the measuring range are introduced. 

The indirect Fourier transformation can be used 
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for all nonperiodic scattering media, i.e. for scattering 
media which have a restricted extension in R-space, 
as for example scattering for globular particles and 
scattering of amorphous substances where the varia- 
tions of the electron density go to zero beyond a cer- 
tain distance. 

i%eory 

The Fourier transformation in small angle X-ray 
scattering is given by the following formulae: 

/I(h)=4nj?p(r)- vdr 
0 

respectively: 

p(r)=_LJh*A(h).y dh 

0 

The scattering amplitude is known only in a finite 

range 

h, <h Gh,. 

If one calculates the electron density distribution pr 

1 2 
p,(r) =- 3 

2lr2 A, 

/L(h)./.r.Tdh (3) 

the amplitude A (h) should be zero for h 1 > h > h,: 
This leads to the well-known termination effect (B.E. 
Warren [2] Becherer and Weber [3] ). 

The indirect Fourier transformation uses the infor- 

mation, that the electron density distribution p(r) is 
identically zero for r > Rrnax and that the measured 
part of the amplitude curve A(h) includes only partial 
information about the particle. 

Starting with 

(4) 

M 
c] 

A (hi) - Efz1 cv Gv (hi)1 * 
= Min (7) 

i=l b(hi)* 

The coefficients c,, resulting from this minimization 

problem can be used to construct the solution pI (r) 
in the R-space according to eq. (4). It should be men- 
tioned that the amplitudes are not forced to zero out- 
side the measuring range. The restricted measuring 
range leads to a finite number of expansion coefficients 
in the serie [4]. It would be possible to define an in- 
finite number of linearly independent functions p” in 
the subspace 0 < r GR,,. But these transformed 
functions $, would be linearly dependent in the sub- 
space h 1 <h G h2 of the reciprocal space. A real or 
numerical dependency in this subspace leads to sin- 
gular or unstable matrices in the least squares problem 
[7]. The problem of error propagation cannot be 
treated here. It should be mentioned, that a prelimi- 
nary smoothing of the amplitude curve from the 
statistical oscillations is not necessary. 

where pL (r) is the approximated electron density Until now the best results were obtained with 

distribution resulting from the indirect Fourier trans- cubic B-splines (Greville) [4] as qv (r) in eq. (4). These 
formation. The function system q,(r) is defined in the B-splines were introduced into the field of small 

subspace r#~ < r < R,, of the whole R-space. The N angle scattering by Schelten and Hossfeld [S] . 

functions have to be linearly independent in this sub- 
space. 

This set of functions qv can be transformed into 
the reciprocal space using equation [l] 

G,(h) = 4n i r.q,(r).v dr 
0 

Rrnax 

-4n $ j’*(Pv(r,) sin;r) d,. 
0 

(5) 

The coefficients c, of eq. (4) can be determined now 
in the reciprocal space fullfilling the following con- 
straint : 

h r [A(h) - $=I cv Q,(h)1 2 dh = Min 

hl 6(h)* 

The variance function u(h) represents the accuracy 
of the amplitude curve A(h). 

For a set of sampling points hi ; i = 1, M eq. (6) 
goes over to 
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