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Structure of the Dimyristoylphosphatidylcholine Vesicle and the 
Complex Formed by Its Interaction with Apolipoprotein C-111: X-ray 
Small-Angle Scattering Studiest 
Peter Laggner,* Antonio M. Gotto, Jr.,  and Joel D. Morrisett' 

ABSTRACT: Single bilayer vesicles of dimyristoyl- 
phosphatidylcholine have been investigated by small-angle 
X-ray scattering at  28 "C. The results indicate that these 
vesicles are hollou spherical shell structures with an outer 
radius of approximately 1 2  nm and a molecular weight of (3.2 
f 0.5) X lo6. The shell was found to be 4.4 f 0.2 nm thick 
with a cross-sectional electron-density profile characteristic 
for a single phospholipid bilayer. Upon interaction of these 
vesicles with apolipoprotein C-111 from human very low density 
lipoproteins at  a protein/lipid ratio greater than 0.08 (g/g), 

T h e  physicochemical characterization of lipid-protein 
complexes obtained by recombination of isolated apolipo- 
proteins with defined lipid systems has proven to be an  in- 
structive method for gaining a clearer understanding of the 
nature of lipid-protein interactions in native lipoprotein and 
membrane systems. Among the best characterized recom- 
binant systems in the field of plasma lipoproteins are the 
complexes formed between apolipoprotein C-111 (apoC-111') 
from human very low density lipoproteins and phoshatidyl- 
cholines. Spectroscopic studies have provided a wealth of 
information about the mutual physical effects of lipid-protein 
interaction at the molecular level (Pownall et al., 1974. 1977: 
Triiuble et al., 1974; Morrisett et al., 1974; Novosad et al., 
1976; Aune et al., 1977). It has been shown that the structure 
of the resulting lipid-protein complexes depends on several 
factors such as the fatty acyl chain composition of the 
phosphatidylcholines (Pownall et al., 1977), the lipid-protein 
mass ratio (Morrisett et al., 1974; Aune et al., 1977), and the 
state of dispersion of the phospholipids before recombination 
(Morrisett et al., 1977). I n  the case of apoC-I11 and di- 
myristoylphosphatidylcholine (DMPC) vesicles, it was found 
that, above a protein-lipid mass ratio of 0.08 (g/g),  their 
interaction leads to the formation of particles which are 
considerably smaller than the original DMPC vesicles. 
Average values of 8.0 nm for the hydrodynamic radius and 
442000 for the molecular weight were obtained by a com- 
bination of ultracentrifugal, light scattering, and gel filtration 
methods and led to the presentation of several possible models 
for this complex. The experimental evidence did not, however, 
allow an unambiguous structural description. 

The analysis of X-ray small-angle scattering data to be 
described in the present article provides further quantitative 
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a complex containing 0.25 g of protein/g of lipid, with mo- 
lecular weight of (3.9 f 0.4) X IO', is formed. The shape 
analysis indicates a highly asymnietric particle with an internal 
partition of low and high electron density resembling that 
produced by a bilayer structure. Model calculations and 
curve-fitting procedures shou good agreement between the 
experimental scattering curve and that computed for an oblate 
ellipsoidal structure with dimensions of 17 x 17 X 5 nm and 
a 1 nm thick shell of high electron density surrounding the 
core of low electron density. 

information about the size, shape, and internal structure of 
DMPC vesicles and the DMPC-apoC-111 complex. The 
results confirm and amplify many of the previous findings from 
hydrodynamic studies by Aune et al. (1977) and represent 
independent evidence for the description of the molecular 
structure of phospholipid bilayer vesicles and apolipopro- 
tein-phospholipid complexes. 

Experimental Section 

Materials 
ApoC-111 containing one residue of sialic acid was isolated 

from very low density lipoproteins as indicated previously 
(Morrisett et al., 1974). DMPC was obtained from Sigma 
Chemical Co. Single bilayer vesicles of this phospholipid and 
complexes formed by its interaction with apoC-111 were 
prepared as described earlier (Aune et al., 1977). After 
chromatography on Sepharose 6B, these species were con- 
centrated by ultrafiltration in an Amicon 8 M microcell 
equipped with an XMlOO membrane. Samples were cen- 
trifuged at  20000g for 30 min to remove any particulate 
material which formed during concentration. 

Methods 
X-ray Instruntentation. A slit collimation camera (Kratky, 

1958) was adjusted on the line-focus (0.01 X 1 .O cm) window 
of a modified Rigaku Denki RU 500 VS rotating Cu anode 
generator (Janosi and Degovics, 1976) operated at 50 kV and 
400 mA. Entrance slit widths of 60 and 100 pm were used 
alternatively, depending on the angular range of interest. The 
scattering intensities were registered at a distance of 21.5 cni 
from the sample by a proportional counter using a pro- 
grammable electronic step scanner (Leopold, 1968). The 
integral length of the primary beam in the plane of registration 
was 4.0 cm. Thin-walled Mark capillaries (Hilgenberg, 
Germany) were used to hold the samples. All measurements 
were performed at  28 "C, controlled to f O . l  "C by a Peltier 
cuvette (Leopold, 1969). Generally lo5  pulses were counted 
at  each point of the scattering curves, both for the sample and 
for the blank exposures. The statistical evaluation of the data 

' Abbreviations used: DMPC, diniyristoylphosphatidylcholine; apC-111. 
a n  apolipoprotein of very lo\\ density lipoproteins from human plasma 
(M, 9300) containing OIIK residue each of galactose, galactosamine, and 
sialic acid. 

0 1979 American Chemical Society 
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FIGURE 1: (a) Scattering intensities T/c of a solution of DMPC single 
bilayer vesicles (36 mg/mL) uncorrected for the collimation geometry 
T = 28 “C). (b) Guinier plot of the uncorrected scattering intensities f / c of DMPC vesicles at the lowest scattering angles. Concentrations: 

(0) 12 mg/mL; (A) 36 mg/mL. (c) Asymptotic trend proportional 
to h-’ of the uncorrected scattering intensities I / c  (36 mg/mL) towards 
large angles. 

(Zipper, 1969) and the corrections for the primary beam 
geometry (desmearing; Kratky et al., 1960) as well as for the 
influence of the Cu KP radiation were performed by the 
method of Glatter (1 977) with the Univac 494 computer of 
the Rechenzentrum Graz. 

Partial Specific Volume Measurements. The apparent 
partial specific volumes a t  chemical equilibrium were de- 
termined a t  28.0 “C by precision densimetry (Kratky et al., 
1973) using a modified Mettler-Paar densimeter, DMA 60 1, 
operating with two oscillators in the reference mode (Laggner 
and Stabinger, 1976). This technique greatly reduces errors 
arising from residual temperature fluctuations of the tem- 
perature control unit and allows determination of densities to 
an accuracy of *lo“ g/cm3. Thus, the error in the calculated 
0 values is controlled principally by the accuracy in deter- 
mination of solute concentration. Assuming relative errors 
in solute concentration of f3%, this would in the given cases 
lead to errors in the apparent partial specific volumes of 
f2.1 0-3 g/cm3. The sample concentrations as measured by 
protein absorbance a t  280 nm (Ezso = 2.16 mL mg-’ cm-l; 
Aune et al., 1977) and by phospholipid determination ac- 
cording to the method of Bartlett (1959) were in the range 
of 10-30 mg/mL. In this range the concentration dependence 
of d was found to be negligible. 

Electron Microscopy. Samples of D M P C  vesicles and of 
the DMPC-apoC-I11 complex a t  concentrations of 0.1-1 .O 
mg/mL were mixed with equal volumes of 2% sodium 
phosphotungstate a t  p H  6.8 and applied to hydrophilized 
(Jakopitsch & Horn, 1962) carbon-coated copper grids. 
Electron micrographs were obtained with a Philips EM 300 
a t  the Zentrum fur Elektronenmikroskopie, Graz (courtesy 
of Drs. Ingolic and Geymayer). 

Results and Discussion 

Structure of DMPC Vesicles. The scattering curve of a 36 
mg/mL solution of DMPC vesicles at  28 “C is shown in Figure 
la.  Measurements were begun within 2 h after column 
fractionation and concentration of the selected fractions. The 
time required to accumulate the data in six consecutive scans 
with a total of 1.2 X lo5 counts a t  each point was 20 h, and 
within this time no systematic drifts were observed. The mean 
relative error after subtraction of the blank scattering was less 
than 2% in the angular range of h < 2 nm-I ( h  = 4~ sin O/A; 
28, scattering angle; X = 0.154 nm) and in the low intensity 
outer part less than 10%. In a second, simultaneous exper- 

iment, the innermost part of the scattering curve was measured 
with an identical sample at  concentrations of 36 and 12 
mg/mL. As shown in the plot of log I / c  vs. hZ (I, uncorrected 
intensities) (Figure lb), this part of the scattering curves can 
be approximated by single Gaussian functions, indicating that 
the system is, within the limits of detection, monodisperse 
(Guinier and Fournet, 1955). However, this statement can 
only be made for the angular range covered by this experiment 
( h  > 0.06 nm-’) since small amounts of large aggregates as 
observed in  the light scattering studies of Aune et al. (1 977) 
would be detectable only at  even smaller angles. The apparent 
radii of gyration, 8, calculated from the slopes of the straight 
lines according to 

(1) 

are 7.4 and 7.9 nm for c = 36 and 12 mg/mL, respectively. 
During the total 4 h of exposure, in five consecutive scans the 
scattering intensities a t  angles of h < 0.09 nm-’ increased 
systematically, suggesting that aggregation occurred at  a low 
rate. The intensities in Figure 1 b are the average values over 
all five scans. The relative mean errors increased from 5% 
at h = 0.09 nm-I to 17% at h = 0.06 nm-’. Therefore, we did 
not attempt to eliminate the concentration-dependent inter- 
particle interference effects by extrapolation, but used the data 
obtained at  the lower concentration (1 2 mg/mL) for subse- 
quent evaluation of the experimental results. It can be assumed 
that the errors created by this approach are negligible within 
the limits of resolution obtained by the structural analysis 
described in the following. Figure I C  shows that the scattering 
curve in its outer part follows a course which can be separated 
into the theoretically expected term proportional to k3 (Porod, 
1952) and a constant term (Luzzati et al., 1961; Kratky, 1963). 
The constant term arising from the short-range electron density 
fluctuations and possibly also from errors in the blank sub- 
traction was subtracted from the experimental curve. 

The basis for the structural interpretation of the results is 
given by the real-space distance distribution function p ( r )  
which is related to the desmeared scattering curve I ( h )  via 
Fourier transformation, according to 

R2 = (3/log e)(-tan a )  

The function p ( r )  corresponds to the frequency of occurence 
of any given distance r within one particle between two dif- 
ferent volume elements du weighted by the relative electron 
densities. I t  is related to the “characteristic” correlation 
function y ( r )  of the particle (Porod, 1948) by p ( r )  = y(r )r2  
(Guinier and Fournet, 1955). A numerical method described 
in detail elsewhere (Glatter, 1977) gives in one operation both 
the desmeared scattering curve Z(h) and p(r)  directly from the 
experimental intensities I (h ) .  In this procedure, the assumption 
is made that p ( r )  = 0 beyond an arbitrarily chosen distance 
D,,,. If, in a given system, the maximum particle dimension 
D can be estimated from other physical information, such as 
the Stokes’ radius or from electron microscopy, the value of 
D,,, is favorably chosen as approximately 1.20.  Within the 
range of 0 < r < D,, the distance distribution function is then 
defined by the linear combination of a finite number N of cubic 
B-Spline functions (Greville, 1969). The optimal value for 
N is chosen such that, on the one hand, the fit between the 
analytically smeared solution function I(h)approx and the ex- 
perimental result ?(h) is sufficiently good but that, on the other 
hand, the resulting p ( r )  function does not suggest an un- 
reasonably high resolution. In the present case, 30 Spline 
functions were used, and the value of D,,, was chosen as 30 
nm on the basis of the reported hydrodynamic diameter of 25 
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width of this distribution is <2 nm. A precise evaluation of 
this distribution, however, would require more experimental 
data and would have to be based on the assumption of ideal 
rigidity and uniform shapes of the vesicles.2 

From the absolute scattering intensity a t  zero angle I ( 0 )  it 
is possible to calculate a “molecular weight” of the vesicles 
(Kratky et al., 1951; Kratky, 1963). According to the relation 

r “r. -- 
FIGURE 2. (a) Desmeared scattering curve of DMPC vesicles obtained 
from the experimental data underlying a maximum intraparticle 
distance D,,, of 30 nm (solid line). Broken line corresponds to the 
desmeared scattering curve obtained by assuming a leaflet structure 
with no tangential contributions and a maximum distance of 6 nm 
for the cross-sectional transform y , ( r )  (see Figure 6). (b) Full line: 
distance distribution function p ( r )  defined by 30 cubic Spline functions 
in the range of 0 < r < 30 nm related to I ( h )  [solid line in (a)] by 
eq 2. Broken line: theoretical distance distribution function p ( r )  of 
a spherical shell structure with the dimensions and electron densit) 
( p J  profile shown in the insert. 

nm (Aune et al., 1977). The resulting desmeared scattering 
curve and the corresponding distance distribution function p ( r )  
are shown in Figure 2. 

The distance distribution function p ( r )  (Figure 2b) is 
characteristic of hollow spherical particles with strong posi- 
tive-to-negative fluctuations within the shell. The thickness 
of the shell can be estimated from the value of r at which the 
p ( r )  function passes from the large initial positive-negative 
oscillation into the adjacent ascending region of smaller os- 
cillations (Laggner et al., 1977). For D M P C  vesicles a t  28 
“C, this point lies a t  approximately 4.4 nm as indicated by 
the arrow in Figure 2b. In  theory, the overall particle diameter 
should be determinable from the point at  which p ( r )  finally 
remains zero. In practice, several experimental conditions 
prevail which prevent a precise determination of the largest 
intraparticle distance: The principal reasons are the limited 
accuracy with which the scattering intensities at the very lowest 
angles [which primarily determine p(r)  at the largest distances] 
can be measured and concentration effects which cannot be 
eliminated; the presence of minor amounts of aggregates as 
well as size and shape heterogeneities certainly also have a 
detrimental influence on the data a t  high values of r; finally, 
residual termination effects and artifacts arising from the 
limited number of approximation functions (which also 
contribute to the oscillations in the range of r between 5 and 
16 nm) may also obscure the maximum particle size. Thus, 
from the data in Figure 2b, we estimate the maximum di- 
ameter of the D M P C  vesicles to be 24 to 26 nm, which is in 
good agreement with our previously determined hydrodynamic 
diameter of 25 nm (Aune et al., 1977). These experimental 
data are similar to the theoretical p ( r )  function of a hollow 
spherical particle with 23.4-nm outer diameter, 4.4-nm shell 
thickness, and an electron density profile across the shell 
approximating that expected for a lipid bilayer. Figure 2b 
clearly shows two peaks at  18 and 22 nm separated by a 
pronounced negative trough which is good evidence for the 
spherical shell structure. However, there are significant 
differences in the relative heights of these signals. From these 
and other differences we must infer some degree of variation 
in vesicle size which is known to correlate with the elution 
volume of the phospholipid vesicles from the gel filtration 
column (Andrews et al., 1975). We estimate that the half- 

in which Z(0)/Po is the scattering intensity at  zero angle 
relative to the primary intensity Po [Z(O)/P,, = 4.5 X as 
determined by the method of Pilz and Kratky (1967)], a is 
the sample-to-detector distance (21.5 cm), Az is the number 
of excess gram-electron per gram of solute (1.23 X and 
c and d are the sample concentration and thickness, respec- 
tively. Because of the low electron density difference between 
solute and solvent, a precise determination of ( A Z ) ~  is very 
difficult. This value is calculated from the chemical com- 
position and the apparent partial specific volume found by 
precision densimetry (Kratky et  al., 1973). At  28 “C, d of 
DMPC vesicles was found to be 0.969 f 0.002 cm3/g as the 
mean value for five individual vesicle preparations. Based on 
this number, we obtain a value for M of (3.2 f OS) X lo6. 
Previous sedimentation analysis on similar preparations has 
resulted in a molecular weight value of 2.73 X lo6 (Aune et 
al., 1977). Using the c? of 0.972 cm3/g reported previously 
(Aune et al., 1977) and assuming an identical solvent density 
of 1.0009 g/cm, a value of M = 4.3 X lo6 is calculated. Thus, 
the errors involved in the determination of 6 impose a critical 
limitation on the precision of the calculation of molecular 
weight; therefore the present data allow only a crude esti- 
mation. 

Information about the cross-sectional structure can be 
obtained from an analysis of the “thickness factor” Z,(h), 
according to the relation 

I , (h)  = Z(h)h2 (4) 

where I ,  represents the scattering arising from the cross- 
sectional structure (Porod, 1948). This relation holds for 
lamellar structures in which the thickness is small compared 
to the overall particle dimensions. However, it has been shown 
on the fatty acid synthetase complex (Pilz et al., 1970) that 
this treatment can also be applied to spherical shell structures 
in which the shell thickness is of the order of 20 to 30% of the 
outer radius. Wilkins et al. (1971) were the first to introduce 
this approach into the analysis of X-ray scattering results from 
phospholipid vesicles, and in a recent report, its usefulness was 
demonstrated in elucidating the structure of the pathological 
lipoprotein, LP-X, which also displays vesicular structure 
(Laggner et al., 1977). In the present work we obtained the 
thickness factor, Zh2(h) (Figure 3a), directly from the original 
data of i ( h )  by an analogous procedure as described above for 
the process of desmearing and calculation of p ( r ) .  In this case, 
a set of 12 cubic spline functions were used to define the 

The heterogeneity in vesicle size is also responsible for the fact that 
the expected intensity fluctuations with a period of Ah = n/R for spherical 
shell structures with a radius R are largely smeared out. However, an 
estimation based upon the periodicity of Ah = 0.3 nm-’ apparent from 
Figure 2a indicates a radius of 10.5 nm which, considering the errors 
involved in this estimation, is in good agreement with !he results inferred 
from the p ( r )  function. It is noteworthy, however, that the overall di- 
mensions derived from the p ( r )  function do not depend on this periodicity 
but are largely determined by the slope of the primary maximum (Laggner, 
1977). 
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FIGURE 3: (a) Thickness factor I (h )h2  of DMPC vesicles obtained 
from the uncorrected data by assuming a one-dimensional cross-section 
distance distribution function y , ( r )  limited to the dimensions 0 < r 
< D, x, where D,,, = 6 nm. (b) Thickness amplitudes F ( h )  = 
H ( h ) 8 . 5 h  obtained from I ( h ) h 2  in (a). (c) Distance distribution 
function y,(r)  related to I(h)h2 by eq 5. (d) Electron density profile 
Ap(r)  across the bilayer thickness obtained from F ( h )  according to 
eq 7 .  

real-space correlation function y,(r) of the lamellar thickness 
in the range of 0 < r < 6 nm. The function y,(r)  is related 
to the thickness factor by the cosine transformation 

The corresponding scattering function Z(h) and the cross- 
sectional correlation function y,(r) are shown in Figures 2a 
and 3c, respectively. In analogy to the three-dimensional 
distance distribution function p ( r ) ,  the thickness of the shell 
can be inferred from the point a t  which y,(r) vanishes. Thus, 
a value of 4.4 nm is obtained from Figure 3c (see arrow). It 
should be emphasized that the information upon which the 
function y,(r)  is based, the function Zh2(h), is practically 
unaffected by the experimental errors at  the lowest angles and 
is determined mainly by the relative heights and positions of 
the broad secondary maxima (see Figure 3a). An advantage 
of the direct determination of the cross-section factor from 
the experimental function f(h) lies in the possibility of esti- 
mating the propagation of the statistical error on y,(r) .  In 
the present case the y,(r) function is affected by an almost 
constant error band of 2% of the maximum value at  r = 0. 
Beyond the crossover a t  4.4 nm the oscillations arising from 
unavoidable termination effects are about of the same 
magnitude as the statistical error and hence the thickness of 
the lamella can be given as 4.4 f 0.2 nm (see footnote 3). 

By integration of y , ( r )  according to 

Z(h)h21,,,o = 2Jmyt(r)  d r  (6) 

it is possible to estimate the absolute value a t  zero angle of 
the thickness factor. From this value, in analogy to the 
molecular weight (eq 3), the mass per unit area can be cal- 
culated (Kratky, 1963). Thus, a value of 2500 f 500 dal- 

The bilayer thickness d defined by the correlation function y , ( r )  
corresponds to the maximum dimension across the bilayer for which the 
electron density differs from the solvent; hence this dimension includes 
the water of hydration interspersed in the polar-headgroup region. This 
parameter is of greater physical relevance than the theoretical thickness 
obtained by others from the lamellar repeat distance of multilamellar 
dispersions through multiplication by the volume fraction of lipid. This 
difference in definition and the observation that the temperature dependence 
of the structural parameters of single-shelled vesicles is significantly different 
from those of multilamellar dispersions (Laggner, 1977) do not permit 
comparison with the structure parameters of DMPC bilayers reported 
by Janiak et al. (1977). 

Table I: Structure Parameters of Dimyristoylphosphatidylcholine 
Vesicles Measured at  28 "C 

P 0.969 r 0.002 cm3.g-' 
M b  
Mlnml 2500 r so0 
P 12 nm 
de 4.4 nm 

(3.2 r 0.5) x lo6 

Isopotential partial specific volume determined by precision 
densimetry. Molecular weight determined from the absolute 
scattering intensity at zero angle. 
from the absolute value o f l h Z  at h = 0. Average outer radius 
of the vesicles estimated from the distance distribution function 
p ( r ) .  e Bilayer thickness obtained from the distance distribution 
functions p ( r )  and yi(r). 

Mass per unit area determined 

tons/nm2 is obtained which, assuming a bimolecular cross- 
section structure and a molecular weight of 678 for DMPC, 
results in an average area of 0.54 f 0.09 nm2/DMPC mol- 
ecule. I t  must be stressed, however, that this calculation 
involves the same sources of error as discussed above for the 
molecular weight. For comparison, an estimate based upon 
a bilayer thickness of 4.4 nm and the partial specific volume 
of 0.969 cm3/g yields an area of 0.49 nm2/molecule. 

Ideally, the deconvolution of y,(r) should allow a direct 
evaluation of the electron density distribution across the bilayer 
(Lesslauer et al., 1971; Weick et al., 1974; Laggner et al., 
1977). Analytical procedures by which this could be per- 
formed would, however, require absolute accuracy of the 
function y,(r) .  Since this is not the case and since suitable 
approximation procedures have not yet been developed, we 
prefer to evaluate the cross-section electron density profile by 
Fourier transformation of the thickness amplitudes hZ'/2(h) 
(Figure 3b), assuming a symmetrical profile, according to the 
relation 

Ap(r)  = (constant)JmhZl/2(h) cos (hr )  dh (7) 

Test calculations have shown that the results agree with the 
function y,(r), which supports the assumption of a symmetrical 
bilayer profile within the given limits of error. Since the 
termination error bears more heavily on the integration in eq 
7, the resulting function Ap(r )  is less reliable with respect to 
the overall bilayer thickness than the function y,(r). However, 
the peak-to-peak distance of approximately 3.5 nm, which in 
reciprocal space is reflected by the position of the maxima in 
Z,(h) and which is probably related to the cross-bilayer distance 
of the phosphate groups, is reliably reproduced in the function 
Ap(r) .  The results in Figure 3d are given in electron density 
differences from the solvent (po  = 334.5 e/nm3) based upon 
the net electron density difference of 7.6 e/nm3 for DMPC 
vesicles. 

The structure parameters of DMPC vesicles obtained from 
this study are summarized in Table I. It should be borne in 
mind that some of these values are considerably temperature 
dependent, especially those related to the molecular packing 
within the bilayer plane (Laggner, 1977). A detailed de- 
scription of the thermal behavior of DMPC vesicles based upon 
X-ray small-angle scattering results will be given elsewhere 
(Laggner and Stabinger, in preparation). 

Structure of the apoC-ZZI-DMPC Complex. The uncor- 
rected scattering curve I (h)  of a 23 mg/mL solution of an 
apoC-111-DMPC complex [protein/lipid, 0.26 (g/g)] is shown 
in Figure 4a. The relative mean error in the angular region 
of h < 2 nm-' is less than f 2 % ,  and the maximum error in 
the low intensity region a t  higher angles is *6%. The lower 
error in these data as compared to those obtained from DMPC 
vesicles is due to the fact that a total of 1.6 X lo5  counts were 

0 
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FIGURE 4: (a) Scattering intensities i/c of a solution of apoC-III- 
DMPC complex (c = 23 mg/mL) with protein/lipid = 0.26 (g/g), 
uncorrected for the collimation geometry; T = 28-OC. Asymptotic 
trends of the uncorrected scattering intensities I / c  of the apoC- 
111-DMPC complex towards low angles (b) measured with c = 5 
mg/mL and towards high angles (c) measured with c = 23 mg/mL. 

accumulated at  each angle in eight consecutive scans. No 
systematic drift of the data was observed during the time of 
the experiment. At the lowest angles, the scattering curve of 
a 5 mg/mL solution in the Guinier plot (log i/c vs. h2, Figure 
4b) shows a linear course. In this case, unlike the results from 
the DMPC vesicles, the mean error from five scans during a 
time of 7 h is only 20% higher than the purely statistical 
counting error, indicating that no structural alteration took 
place during the experiment. The relative mean error of the 
intensities in Figure 4b is less than 4%. Since this mea- 
surement was performed with a relatively low sample con- 
centration, it can be assumed that interparticle interference 
effects fall within the limits of error. These are, therefore, 
neglected. The apparent radius of gyration, I?, calculated 
according to eq 1 is 5.0 nm. The observation of a well-defined 
linear Guinier range indicates that the solution is largely 
monodisperse. However, apart from providing evidence that 
the interaction of the vesicles with apoC-111 has led to the 
formation of a new stable structural entity, the value of I? does 
not allow a direct structural interpretation due to the elec- 
tron-density heterogeneity of the particles. Also here the outer 
part of the scattering curve (Figure 4c) follows an de- 
pendence (Porod, 1952). The constant term calculated from 
the slope in the ih3  vs. h3 plot was subtracted before de- 
smearing of the scattering curve. 

Since the maximum particle size of the complex was un- 
certain, the optimal choice of the value D,, in the desmearing 
procedure had to be found by trial-and-error using the ap- 
proximation to the experimental data as a criterion. The 
greatest stability in the resulting p ( r )  function and the best 
approximation were obtained for D,,, values between 20 and 
25 nm using 20, 22, and 25 Spline functions. The desmeared 
scattering curves found by using 20, 22.5, and 25.2 nm as D,, 
and the respective p ( r )  functions are shown in Figure 5 .  The 
zero angle intensities I ( 0 )  and the radii of gyration R cal- 
culated from the p ( r )  functions according to 

I (0)  = 4;7JDp(r) dr  (8a) 

and 

are listed in Table 11. 
The molecular weight of the apoC-111-DMPC complex was 

calculated according to eq 3 from the mean absolute value of 

I I  I 
! 2 3 ' 5  

h c n m  I -- 
FIGURE 5: (a) Desmeared scattering curve of the apoC-111-DMPC 
complex calculated from the experimental data (Figure 4) assuming 
maximum intraparticle distances D, of 20 nm (-e--), 22.5 nm (-), 
and 25 nm (---). Dotted line: theoretical scattering curve of an oblate 
ellipsoidal particle with an axial ratio of 17 X 17 X 5 nm with a shell 
of I-nm thickness of relative electron density prel = 1.0 and a core 
of prel = -0.7 (solid line). (b) Distance distribution functions p ( r )  
defined by 20, 22, and 25 cubic Spline functions in the range of 0 
< r < 30 nm related to the scattering curves I ( h )  in (a) by eq 2. 

Table 11: Zero Angle Scattering Intensities [I(O)]  and Radii of 
Gyration (R) for the apoC-111-DMPC Complex' 

Dmax (nm) r m b  R (nm) 
20.0 279 6.65 
22.5 28 1 6.14 
25.2 293 7.21 

Calculated from p(r) ,  according to eq 8a and 8b. Relative 
units. 

I(0) using the partial specific volume of 0.905 f 0.003 cm3/g 
measured a t  28 "C. A value of M = (3.9 f 0.4) X lo5  was 
thus obtained. Since the electron density difference (Az = 4.4 
X g-electrons/g) is about four times higher, the precision 
of M is considerably better in this case than with the DMPC 
vesicles. Aune et al. (1977) have reported a molecular weight 
of 4.42 X lo5 for a similar preparation. Considering the 
methodological differences and the error involved in both 
approaches, these two results are in reasonable agreement. 
This result indicates unambiguously that the interaction with 
apoC-111 leads to the breakdown of DMPC vesicle structure 
and to the formation of substantially smaller structural units. 
From the composition of the complex and the molecular 
weights of the components it follows that a single complex 
particle contains about nine molecules of apoC-111 and 454 
DMPC molecules. 

It is possible to estimate the maximum particle size of the 
complex from the distance distribution function p ( r )  shown 
in Figure 5b with better precision than in the case of the 
DMPC vesicles. From the crossover point near 17 nm, we 
estimate this dimension to be 17 f 1 nm. The residual 
fluctuations at r > 17 nm are clearly due to termination effects 
as can be shown by model calculations simulating the present 
experimental angular termination a t  both low and high 
scattering angles. A comparison of this result with that for 
a compact sphere of 5.2 nm radius and of the same molecular 
weight and partial specific volume [see model I of Aune et 
al. (1977)] indicates that the particle must be highly asym- 
metric. Moreover, from the plateau in the p ( r )  function 
between 5 and 13 nm (Figure 5b), it must be concluded that 
this asymmetry is two dimensional rather than one dimen- 
sional, i.e., the particle must be more like a platelet than a 
rodlike structure. In  the latter case the function p ( r )  would 
have to show an extended linearly decreasing course towards 
large values of r. The third remarkable feature of this function, 
the pronounced positive-negative fluctuation at  r < 5 nm, 
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h [ n m " ]  - 

FIGURE 6: (a) Thickness factor I(h)h2 of the apoC-111-DMPC complex 
calculated from the data in Figure 4 by assuming a one-dimensional 
cross-section distance distribution ~ , ( r )  limited to 0 < r < D,, with 
D, = 6 nm. (b) One-dimensional distance distribution function -y,(r) 
related to I (h )h2  in (a) by eq 5 .  

indicates that the particle must contain discrete regions of 
positive and negative electron density within 5 nm of each 
other. 

From this semiquantitative discussion of the p ( r )  function, 
a platelet of approximately 5-nm thickness and a maximum 
lateral dimension of 17 nm could be considered as consistent 
with the results. To refine this model, we have tried to evaluate 
the cross-sectional structure using the relations 4 and 5 ,  bearing 
in mind, however, the rather limited degree of two-dimensional 
extension. The thickness factor I(h)h2 and the cross-sectional 
correlation function y , ( r )  were calculated directly from the 
experimental results employing a maximum value for D of 6 
nm and using 12 Splines to define y , ( r )  between 0 and D,,,. 
To minimize influences from the overall particle size, the 
scattering data used for this treatment were truncated towards 
lower angles at h = nm-'. The resulting thickness factor 
Z(h)h2 and the y , ( r )  function are shown in Figure 6. A 
comparison of these results with those for the intact DMPC 
vesicle (Figure 3a,b) clearly shows characteristic similarities, 
and it can be inferred that the cross-sectional structure of the 
complex, although quantitatively different, retains significant 
features of the single bilayer transform. The maximum 
thickness of 4.9 f 0.2 nm obtained from this result (Figure 
6b) is consistent with the one inferred from the three-di- 
mensional p ( r )  function (arrow in Figure 5b). Without further 
consideration, this increase in thickness by about 0.5 nm could 
be ascribed to the binding of apoC-I11 to the external surface 
of the DMPC bilayer. However, apart from the fact that this 
would hardly explain the spontaneous breakdown of the vesicle 
into smaller fragments, two important considerations contradict 
this interpretation. First, a comparison of the volume cal- 
culated from M and d (586 nm3) with the theoretical volume 
of a cylinder of 8.5-nm radius and 5-nm height (1 135 nm3) 
shows that such a model would be too voluminous by a factor 
of 2. Second, the mass per unit area calculated from the 
absolute value of Zh2(h)lh,,, (obtained from the y,(r)  function 
according to eq 6) has the value of 1400 daltons/nm2, which 
represents an unreasonably low lateral packing density for a 
bilayer of constant thickness. These apparent inconsistencies 
can be overcome simply by assuming an oblate ellipsoidal 
structure with dimensions of 17 X 17 X 5 nm. The volume 
of this model is only a factor of 1.29 larger than the volume 
of 586 nm3 calculated from M and 0. This difference, if 
ascribed to hydration only, would correspond to a value of 0.32 
g of H,O/g of complex. Finally, the fit between the theoretical 

+ APO C-Ill I 
I 
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FIGURE 7: Schematic models of the DMPC vesicle (a) and the 
apoC-111-DMPC complex (b). At 28 "C, the DMPC vesicle has a 
full diameter of 24.0 nm and a bilayer width of 4.4 nm. The diameter 
of the internal aqueous space is 15.2 nm. The DMPC-apoC-111 
complex is represented as an oblate ellispoid 17.0 nm wide and 5.0 
nm thick. A 1.0 nm thick shell of high electron density has been 
assigned to phospholipid polar head groups and apoprotein located 
a t  the periphery of the complex. 

scattering curve of an oblate ellipsoid of these overall di- 
mensions with a 1 nm thick external shell of positive electron 
density and a center of negative electron density is in good 
agreement with the experimental scattering curve (dotted curve 
in Figure 5a). Alternative cylindrical models designed on the 
basis of radius of gyration and volume comparisons have been 
tested and found to be less suitable for approximating the shape 
of the scattering curve. 

On the basis of this model, the high electron density 
components, i.e., phospholipid polar head groups and protein, 
must be situated predominantly in the outer shell of the 
structure, surrounding a core of fatty acyl chains. The op- 
timum value of 1 nm for the thickness of this shell was found 
by trial and error. This value is in good agreement with the 
high electron density shell found for various high density 
lipoprotein species (Shipley et al., 1972; Laggner et al., 1973, 
1976; Atkinson et al., 1974; Muller et al., 1974). Our results 
suggest there is little if any protein penetration into the hy- 
drocarbon chain region. However, a quantitative discussion 
of this point is clearly beyond the limit of interpretation for 
our data. It is quite possible that apolar lipid-protein in- 
teraction occurs at  the circumference of the ellipsoid where 
the low radius of curvature would otherwise lead to unfavorable 
exposure of hydrocarbon surfaces towards the aqueous phase 
(Segrest, 1977). An idealized model illustrating our molecular 
interpretation of the results is shown in Figure 7. 

This model features the organization of the phospholipids 
as a micelle with the shape of an oblate ellipsoid. The 
apoproteins, which are 65% a-helical (Pownall et al., 1977), 
are embedded in the surface of this micelle. This organization 
would permit the hydrophobic sides of the amphipathic helical 
segments (Morrisett, 1977a) to face the core and interact with 
fatty acyl methylene groups near the carboxyl end, while the 
polar sides face the periphery and interact with the polar head 
groups. The resolution of the present X-ray scattering data 
makes it very difficult to distinguish between our proposed 
ellipsoidal model and a similar cylindrical structure which, a t  
its periphery, is surrounded by a torus of electron dense 
material. However, calculations of the surface area and 
volume afforded by two extreme models (see Appendix) in- 
dicate that the oblate ellipsoid is favored. This model possesses 
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FIGURE X :  I c g i l i v c  ,lain clcclron n>icru$r:iphs of DMPC vesicles 
(a) and apoC- l l l~  DMI’C c o m p l c w  coni;iining 0.26 g of protcinfg 
of lipid (b) .  

an area which can just accommodate the molecular compo- 
nents and a volume which is only 29% in excess of that required 
to  accommodate the nine protein molecules and 545 lipid 
molecules i n  the complex. I n  comparison, the right cylinder 
exceeds the area and volume requirements of these components 
by 6 5  and 100%. respectively. 

We regard the model shown in Figure 7 as a refinement of 
that proposed previously (Aune et al., 1977) but still not a final 
0. e.  It differs from similar ones proposed by Tall et al. (1977) 
and Segrest (1977) in its placement of the apoprotein, among 
other features. I n  the present model, the protein is indicated 
as interacting principally with the polar head regions, whereas 
in these other two models, the apoprotein is indicated as a belt 
circumscribinr the exoosed hvdroDhobic surface of the out- 
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Appendix 
1. Area occupied by the individual components of the 
complex which contains nine apoC-Ill molecules and 454 
DMPC molecules. 

A. Area occupied by apoC-Ill: assumptions and calcu- 
lations. (i) When bound to DMPC a t  28 OC, apoC-Ill is 65% 
a-helical (Pownall et al., 1977, Figure la ) .  0.65 X 79 amino 
acids = 53 a-helical amino acids. The remaining 26 amino 
acids have chiefly random coil structure. (ii) The length of 
the a-helical segment is given by 53 residues X 0.15 nm/ 
residue = 7.9 nm. (iii) The hydrophobic half of the am- 
phipathic helix is embedded in the complex. The width of this 
helix (determined from space-filling models) is about 1.5 nm 
so the area occupied by the helical segments in the complex 
is given by (7.9 nm X 1.5 nm X 9 molecules)/complex = IO7 
nm’. (iv) Taking a fully extended polypeptide chain as a first 
approximation to the random coil segments of apoC-Ill, the 
total surface area, according to the empirical relation A, = 
0.0144 X A4 (Teller, 1976), is 

A,,c.lll = 0.33 X 9.300 X 9 X 0.0144 = 398 nm’ 

and through multiplication by l i - l  (ratio of longitudinal 
cross-section area to envelope of a cylindrical rod) the projected 
surface area is Am,edd = 127 nm2. We assume that this figure 
is by about one-third too high due to the implied full extension 
of the polypeptide chain and due to its surface roughness, and 
therefore estimate from space-filling models the required area 
to accommodate the random coil portion of apoC-Ill to  be 
A,,,,, = 84 nm’. (v) Total area occupied by apoC-Ill in one 
complex 

AC-III = Ahriir + &do, 
= 107 + 84 - lo ,  .-2 - - 1 7 1  ,1111- ~. 

ermost hydrocarbon chains. Experiments to distinguish be- 
tween these two possibilities are currently underway i n  our 
laboratories. 

The present results constitute compelling evidence that the 

solution and do  not aggregate to form what is typically ob- 
served by negative Stain microscopy as stacked disk 

micrographs are in good agreement with the present ellipsoidal 
model, although the size hctcrogeneity on the micrographs is 
certainly much wider (Figure Xb). The conditions of negative 
staining clearly favor the formation of stacklike aggregates, 
which is a probably unspecific phenomenon also encountered 
with pure DMPC vesicles (Figure 8a) and which has no 
significance to the Situation i n  dilute salt SOIUtion, A qual. 
itatively similar oblate ellipsoidal structure has been proposed 

B. Area occupied by DMPC. (i) Molecular area of DMPC 
in multilayer a t  37 ‘C (liquid-crystalline phase) is 0.608 nm’ 
and a t  I O  OC (gel phase) is 0.502 nm’ (Curatolo et al., 1977). 

“C is 0.54 nm’. The molecular area of DMPC within the 
complex is unknown. Consideration of the radius of curvature 

effectively occupied by a single molecule will be larger in the 
former case. However, fluidity measurements (Novosad et 
al., 1976) suggest that some of this extra space between DMPC 
polar head groups may be occupied by the apoprotein. In view 
of these opposing effects of radius of curvature and apoprotein 
binding on DMPC molecular areas which cannot be readily 
evaluated, we have elected to use the area obtained from 
measurements on the vesicles. (iii) Total area of DMPC in 

a p o ~ . , ~ ~ - ~ ~ p ~  complex particles as in dilute (ii) Molecular area of DMPC in single bilayer vesicle a t  28 

for the complex and the parent vesicle suggests that the area The dilnensions of the individual disks in 

for the complex formed by interaction of apoprotein from confplex will be 454 0.54 nm2/mo1ecu1e = 245 
porcine high density lipoprotein and DMPC (Atkinson et al., 
1976). However. in  that case. the maior axis is sienificantlv 

’”. 
C.  Total area occupied by individual components _~, 

~ ~ 1 ~~~~~~ ~~ ~~ 

shorter than in the apoC-Ill-DMPC complex. This structural 
difference may be a result of different lipid-binding capacities 
of the two apoproteins or different degrees of self-association 
which, in turn, cause a difference in distribution of the 
apoproteins within the complexes. 

A m i  = AC-III + ADMPC 
= 191 + 245 
= 436 nm 

I I .  Surface area of the oblate ellipsoid model (axes 17 X 17 
X 5 nm) 



DIMYRISTOYLPHOSPHATIDYLCHOLINE A P O C - 1 1 1  C O M P L E X  V O L .  1 8 ,  N O .  I ,  1 9 7 9  171 

where U = 37.1 nm 
8.5 nm and 2.5 nm) 

111. Surface area 
h = 5 nm) 

a = b = 8.5 nm 
c = 2.5 nm 

A = 0 . 4 2 ~ a U  
= 416 nmZ 

(circumference of an ellipse, with axes 

of a right cylinder model ( r  = 8.5 nm, 

A,,, = 721 nm2 

Hence, the oblate ellipsoid model has a surface area very close 
to that estimated for the components of the complex whereas 
the cylindrical model exceeds this by 65%. 
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