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Abstract As judged from measurements of the diameters of
particles fixed with osmium tetroxide and shadowed with
platinum, gel chromatography on 2%, agarcse has been
shown to be an effective quantitative method for separating
triglyceride-rich lipoproteins according to particle size. Parti-
cles in the size range of chylomicrons, uncontaminated by
lipoproteins smaller than about 700 A or by other serum pro-
teins, emerged in the void volume of the column, and very
low density lipoproteins with diameters between 400 and 700 A
were separated into fractions with average standard deviation
of 71 A from the mean. Systematic comparison of the relation-
ship between diameter and chemical composition of fractions
obtained from subjects with various hyperlipoproteinemic dis-
orders demonstrated a precise correlation consistent with a
spherical model for these lipoproteins in which phospholipids,
free cholesterol, and protein occupy a surface monolayer with
an invariant thickness of 21.5 A surrounding a liquid core of
triglycerides and cholesteryl esters. The chemical composition
of very low density lipoproteins of given particle size in most
recognized types of hyperlipemia was similar to that of normo-
lipemic subjects, but particles in the size range of chylomicrons
sometimes had higher contents of cholesteryl esters and free
cholesterol. Results obtained in subjects with dysbetalipo-
proteinemia were consistent with the presence of three popula-
tions of particles. Two of these, with mean diameters of about
850 and 350 A, had unusually high cholesteryl ester content
and reduced triglyceride content and may represent “rem-
nants” of the metabolism of structurally normal chylomicrons
and very low density lipoproteins, respectively. The third, a

Abbreviations: VLDL, very low density lipoproteins.
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heterogeneous group with intermediate range of particle size
and pre-g mobility, may represent a population of very low
density lipoproteins with relatively normal composition.
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chylomicrons - electron microscopy - dysbetalipoproteinemia -
lipoprotein structure

'II‘{E TRIGLYCERIDE-RICH LIPOPROTEINS constitute two
heterogeneous groups of apparently spherical particles
with diameters between 300 and 5000 A that transport
large amounts of fat in the blood. They include chylomi-
crons secreted from the small intestinal mucosa which
enter the blood from the thoracic duct during active fat
absorption, and VLDL which enter the blood con-
tinuously from the liver and to a limited extent from the
small intestinal mucosa via the thoracic duct. One or
both of these two classes of lipoproteins accumulate in
the blood in a variety of disease states (1). Subfractiona-
tion of chylomicrons and VLDL has generally been
achieved by repeated ultracentrifugations at progres-
sively increasing centrifugal force (2) or by ultracen-
trifugation through a density gradient (3-5). The first of
these methods requires repeated washings to provide
fractions of constant chemical composition and is ac-
companied by substantial loss of material. The second
is technically demanding, particularly as applied to
VLDL, and provides only limited amounts of material.
Gel filtration on columns of agarose appears to offer
a simple means for obtaining large quantities of VLDL
subfractions with virtually no losses (6). The degree of
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heterogeneity of the fractions obtained with this method
has not been determined. To provide more definitive
data about the usefulness of this method, we have used
electron microscopy to evaluate the heterogeneity of
fractions obtained from mixed triglyceride-rich lipopro-
teins of healthy subjects and individuals with various
forms of hyperlipoproteinemia. Comparison of chemical
composition of the fractions with their particle size has
demonstrated a regular relationship for all subjects
which is consistent with the “pseudomicellar” model in
which phospholipids, free cholesterol, and protein form
a monolayer at the surface of an oil droplet.

METHODS

Ultracentrifugation and gel chromatography

Blood samples were obtained in the postabsorptive
state from five healthy, normolipidemic men and from
eight subjects with various types of primary hyperlipopro-
teinemia (one with exogenous, two with endogenous and
two with mixed hyperlipemia, and three with dys-
betalipoproteinemia). Fat content of the diet was not
regulated except as noted. Samples of freshly obtained
serum were ultracentrifuged at density 1.006 in the 40.3
rotor of a Beckman preparative ultracentrifuge for
~1.3 X 108 g-min (maximum value) at 12°C to separate
VLDL and chylomicrons (7). The suspended triglyc-
eride-rich lipoproteins were applied to a column of 29,
agarose gel as described previously (6). Samples were
applied in a volume of 15 ml or less to columns with
total bed volume of 450 ml (90 X 2.5 cm) and eluted
with 0.2 M NaCl in water containing 0.001 M EDTA
(disodium salt) at pH 7.0; 15-16 fractions of 15 ml each
were collected.

Chemical analysis

Portions of the eluates were extracted in chloroform—
methanol 2:1 (v/v). Total and free cholesterol were
precipitated as the digitonide according to the method
of Sperry and Webb (8) and were determined with the
ferric chloride reagent of Zak et al. (9). Cholesteryl
esters were calculated as: (total — free cholesterol) X
1.67. Lipid phosphorus was determined after acid diges-
tion (10), and phospholipid was estimated as lipid
phosphorus X 25. Glyceride glycerol was determined by
the method of Carlson (11), and triglyceride was esti-
mated assuming a molecular weight of 860. Protein
content of eluates was measured directly by a modifica-
tion of the method of Lowry et al. (12). A 500-x1 sample
was transferred to a test tube, and 1 ml of double-strength
alkaline copper reagent (12) was added and mixed well.
After 10 min, 0.2 ml of Folin’s phenol reagent was added
and the solution was well mixed immediately. After
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an additional 30 min, 4 ml of diethyl ether was added
and mixed with a tube buzzer. The test tube was centri-
fuged for 5 min at 2000 rpm to obtain a clear reaction
mixture. This procedure was repeated once, or with
particularly lipid-rich fractions, twice. Protein content
was estimated using crystalline bovine serum albumin
as standard. This procedure gave results closely similar
to but more reproducible than those obtained when
protein was precipitated with ethanol-acetone 1:1 (v/v)
and dissolved in 2.5 M aqueous sodium hydroxide. In
these studies, recovery of triglyceride between elution
volumes of 100 and 350 ml was 88.3 + 4.89, (mean
#+ sp), and of protein, 84.5 + 11.39%,. A small second
peak of protein associated with virtually no lipid emerged
later. Its elution volume (about 425 ml) coincided with
that of albumin.

Electron microscopy

Samples of the eluate stored overnight were fixed with
a solution of 1%, osmium tetroxide and 0.05 M phosphate
buffer at pH 7.35. A drop of this solution was placed on
a Formvar-covered, carbon-coated, 300-mesh copper
grid, allowed to stand for 3 min, and then processed
according to Jones and Price (13). In the present study,
however, the shadow angle was approximately 15°. The
shadowed lipoproteins were examined in a Philips EM
300 electron microscope and photographed at an initial
magnification of 9700. This magnification was checked
each day with a calibration grid. All samples obtained
from a given patient were processed together. Earlier
studies demonstrated no difference in the size and shape
of lipoprotein particles fixed immediately or stored
overnight.

In order to determine accurately the thickness of the
evaporated metal on the surface of the particles, poly-
styrene latex spheres, 0.109 pym diameter (sp 0.0027
pm) (Dow Chemical, Midland, Mich.), were used as a
standard. Photographic negatives of the lipoprotein
and unshadowed and shadowed polystyrene latex
particles were magnified 50 times with an optical micro-
comparator equipped with a vernier scale for measure-
ment of their diameters. For each sample, approximately
90-450 particles contained in one to four negatives were
measured. After subtracting the thickness of the platinum
coating on the latex particles, the mean size of the
lipoproteins and their size distribution were determined.

Electrophoresis and gas-liquid chromatography

Each sample examined by electron microscopy was
also subjected to electrophoresis in agarose gel by the
method of Noble (14). Triglycerides were separated from
cholesteryl esters and phospholipids on columns of
silicic acid (15), and fatty acid compositions of their

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

methyl esters were determined by gas-liquid chroma-
tography (16).

RESULTS

Measurement of particle diameter

Uptake of osmium by triglyceride-rich lipoproteins
appeared to be dependent upon the degree of saturation
of the constituent fatty acids (Fig. 1). Lipoprotein par-
ticles obtained from a subject with mixed hyperlipemia
appeared darker and were better defined when he had
been on a diet containing 659 of calories from corn oil
for 3 days than those obtained when he was on his usual
diet. Triglyceride fatty acid composition of d < 1.006
lipoproteins in this subject when he was consuming a
diet rich in corn oil was 16:0, 13.19,; 18:1, 28.39;
and 18:2, 54.5%,. When on his usual diet, correspond-
ing values of: 16:0, 24.9%; 18:1, 42.2%,; and 18:2,
20.19, were similar to those of the other subjects whose
intake of fat was not regulated. Fatty acid composi-
tion of triglycerides in particles of various sizes was
determined in five normolipemic and four hyperlipemic
subjects. Composition was similar in subfractions of
VLDL from all subjects, but content of polyunsaturated
fatty acids was appreciably lower in chylomicron-

. sized particles from three subjects.

The margin of shadowed particles was visualized more
easily than that of unshadowed ones (Fig. 1). The thick-
ness of the shadowed material varied from 43 to 64 &
from batch to batch but was similar among samples
shadowed in the same batch. With latex beads, the
boundary between the particle proper and the platinum
coating could easily be defined, but this was often dif-
ficult in the case of lipoproteins. Since the overall di-
ameter of shadowed particles was determined more
easily and the thickness of the metallic layer was almost
identical for particles of different sizes, the diameter
of chylomicrons and VLDL was estimated by subtracting
the thickness of the platinum deposited on polystyrene
latex beads which were included with each group of
particles.

Fig. 2 shows electron micrographs of fractions ob-
tained from a subject with dysbetalipoproteinemia
(type III) and demonstrates that particle size decreased
progressively with increasing elution volume. Fig. 3
shows histograms of the distribution of particle diameter
in six fractions obtained from this subject and from a
subject with mixed hyperlipemia (type V). The largest
particles (fraction A), which were eluted at the void
volume of the column, are a heterogeneous group ex-
ceeding 700 A diameter. This heterogencity was sub-
stantially less in two subjects with dysbetalipoproteinemia
(sp 100 and 146 A) than in five other subjects (sp 197-

418 R). Particle diameter was more narrowly distributed
in the subsequent fractions (sp 71 £ 21 A&, n = 31) and
fell rapidly in fractions B-D. Subsequently, particle size
changed relatively little, especially in subjects with dys-
betalipoproteinemia. These results indicate that the
column fractionates particles most effectively in the
range of 400-700 A& diameter. The results shown in these
figures are typical for those obtained in all subjects.
The relation between elution volume and particle size
differed from column to column (see Fig. 3) and even
changed slightly when the same column was used re-
peatedly, so elution volume was not a reliable deter-
minant of particle size.

Relationship between particle diameter and
chemical composition

The measurements presented in Fig. 4 are typical of
those obtained in normal subjects. Results in two sub-
jects with endogenous hyperlipemia (type IV), one
with exogenous hyperlipemia (type 1), and two with
mixed hyperlipemia (type V) were similar except that
the peak of the VLDL distribution was usually shifted to
the left. To examine systematically the composition of
particles with the same mean diameter (see below),
chemical compositions of fractions whose summed con-
tent of protein, free cholesterol, and phospholipids
was closely similar were compared. Table 1 shows that
the composition of particles of given size was generally
similar in normal subjects and in subjects with these
types of hyperlipemia. Triglyceride content fell pro-
gressively with decreasing particle diameter while that
of phospholipids and protein increased. The pattern for
cholesteryl esters and free cholesterol varied. When
their contents were low in large particles, they tended
to rise as size decreased; otherwise, they tended to re-
main constant. The latter pattern was most common in
hyperlipemic subjects. Except for chylomicron-sized
particles in some hyperlipemic subjects, the free choles-
terol-phospholipid ratio was generally less than 0.5
(molar ratio slightly below unity) (Table 1).

The pattern in three subjects with dysbetalipopro-
teinemia was strikingly different (Table 1 and Fig. 5).
Percentage content of triglycerides remained constant
at about 50 until diameter had fallen to 400-500 &, and
then it fell. Content of cholesteryl esters was about 309,
in particles that were excluded from the column, fell
temporarily to about 25%, with decreasing diameter,
and then tended to rise back to near 309,. Percentage
content of free cholesterol changed little with diameter
while that of phospholipids and protein increased. The
free cholesterol-phospholipid ratio exceeded unity in
the largest particles and was close to unity in all others.

Fig. 6 shows agarose gel electrophoretograms of serum
and its ultracentrifugal fractions obtained from one of
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Fi1c. 1. Shadowed (left) and unshadowed (right) electron micrographs of latex beads (bottom), subfractions of VLDL from a subject with
mixed hyperlipemia when he had been on a diet rich in polyunsaturated fatty acids (middle), and the same subject on an ordinary diet (top).
Note the increased density of osmium-fixed particles rich in polyunsaturated fatty acids. X 29,100. Inset (X 48,500) shows the variation in
shadow length of particles of similar size (the shorter the shadow length the greater the flattening).
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Fic. 2. Electron micrographs of subfractions obtained by gel chromatography of triglyceride-rich lipoproteins from a subject with dysbeta-
lipoproteinemia. Elution volumes for these fractions increase from top down in left panels and then from bottom up in right panels. The dis-
tribution of diameters for each fraction is shown in left panel of Fig. 3.
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Percentage distribution of particles of a given diameter by number and by volume (for spheres)

from a subject with dysbetalipoproteinemia (left) and a subject with mixed hyperlipemia (right). Individual
bars refer to particles with diameters ranging between 50 A above and below the value indicated on the
abscissa (for fraction A, the first bar refers to all particles with diameters equal to or exceeding the indicated
value). Different columns were used for the two samples of triglyceride-rich lipoproteins. The skewed distri-
bution apparent in some of these graphs may be attributable in part to contamination with material from
earlier fractions that had been trapped in the syphon of the fraction-collecting device.

the subjects with dysbetalipoproteinemia when serum
lipid concentrations were high and when they had fallen
close to normal after the subject had a weight loss of 9
kg. The mobility of VLDL on the first occasion was
typical for this disorder but on the second it was mainly
pre-B3, although the composition of fractions obtained
by gel chromatography, shown in Fig. 5, was indistin-
guishable from that of the other two subjects with this
disorder. On both occasions, the electrophoretic pattern
suggested heterogeneity of the triglyceride-rich lipopro-
teins. This heterogeneity was more clearly seen in frac-
tions obtained by gel chromatography. Fig. 7 shows the

762  Journal of Lipid Research Volume 13, 1972

electrophoretic mobility of fractions obtained by gel
chromatography of triglyceride-rich lipoproteins from
one of the other subjects with this disorder. Mobility
increased progressively in the early fractions with a
predominant § component in fractions 3-5, and two
distinct bands were observed beginning with fraction 6.
Thereafter, the relative amount of the pre-B component
appeared to decrease and that of the 8 component to
increase. Only the 8 component could be detected in
fractions 13-16. Electrophoretic patterns of fractions
from subjects with other forms of hyperlipemia showed
only a single component with increasing mobility up to
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Fic. 4. Gel chromatographic elution pattern of triglyceride-rich
lipoproteins from a normolipidemic subject. Individual points
represent values obtained in a single 15-ml fraction. Elution
volumes are shown at bottom of second panel. Points at right of
middle three panels represent values for unfractionated triglyc-
eride-rich lipoproteins (the value for protein in unfractionated
material includes proteins which are eluted after about 400 ml).
Diameters shown in bottom panel are numerical averages. TC,
total cholesterol; PL, phospholipids; TG, triglycerides; CE,
cholesteryl esters; FC, free cholesterol.

the pre-B region in fractions 3 and 4 and no change
thereafter. | be

Relationship between content of polar material and
particle diameter

Figs. 4 and 5 also show the relationship between con-
tent of the more polar constituents of the lipoproteins
and particle diameter. As particle diameter fell in a
roughly exponential manner with increasing elution
volume, percentage content of the sum of phospholipids,
free cholesterol, and protein increased linearly from
about 15 to 35%,. The pattern was similar whether per-
centage content was expressed as weight or volume %.!
This relationship was examined systematically in 34
fractions from seven subiects. A close relationship existed
between diameter and content of these three constituents
or the content of the two most polar of the three, phos-
pholipids and protein, in five of these subjects who had
trigylceride-rich lipoproteins of ordinary composition
(Figs. 8 and 9). The values for the two subjects with
dysbetalipoproteinemia were indistinguishable from the
others when content of all three polar constituents was
related to diameter (Fig. 9). However, when free choles-
terol was eliminated (Fig. 8), most of the values for
these subjects deviated to one side. Under the assump-
tion that all of these constituents occupy the surface of
the lipoprotein particles and that the particles are per-
fect spheres, the thickness of the shell containing them
that would evenly cover the lipoproteins was calculated
for each fraction in which composition and diameter
d(l — (1 —F)"),

2
where ¢ is the thickness of the shell of a sphere of diameter
d when F is the fractional volume of the sphere occupied
by shell.2 The results are shown in Fig. 10. The calculated
thickness of the shell varied over a narrow range with
a mean value of 21.5 A and a standard deviation of 1.66
A. The line shown in Fig. 9 for a shell of this constant
thickness appears to provide an excellent fit for particles

over tohe entire range of diameters between 250 and
1000 A.

were known from the formula: ¢ =

! Partial specific volumes were taken to be: triglycerides, 1.093;
cholesteryl ester, 1.044; free cholesterol, 0.968; phospholipids,
0.970; and protein, 0.705. Values for cholesteryl oleate, free
cholesterol, and egg lecithin dispersed in water were kindly pro-
vided by Dr. Donald Small; those for triglycerides and protein
were taken from Oncley (17).

4 (d)s 4 (d—2t3
R (L0 .
g \2 . 3 2
- T

49

only for individual particles (18), and it cannot be applied to a
population of particles as heterogeneous in size as unfractionated
triglyceride-rich lipoproteins.

. This calculation holds strictly

Sata, Havel, and Jones Gel Chromatography of Triglyceride-rich Lipoproteins 763

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 1. Chemical composition of subfractions of triglyceride-rich lipoproteinse

Normolipemic Subjects (n = 5)

Hyperlipemic Subjects (n = 5)¢

Dysbetalipoproteinemic Subjects (n = 3)

Fraction TG CE Prot FC

PL FCG/PL TG CE Prot FC PL FC/PL TG CE Prot FC PL FC/PL
% %o %%

I 76.0¢ 86 4.1 3.2 83 0.39 744 108 3.0 4.0 7.8 0.55 48.2¢ 350 2.7 59 8.4 0.70
20 19 07 0.6 1.0 006 3.2 34 1.1 1.1 1.4 0.23

II 71.8 7.1 6.1 3.3 11.7 0.28 69.3c 10.7 4.7 4.3 11.4 0.39 46.4 334 3.2 6.9 10.2 0.67

23 09 06 06 08 005 40 40 07 1.3 1.2 0.14 20 2.1 0.8 0.8 0.4 0.07

III 67.3 7.6 7.6 4.5 12.9 0.35 62.8 12.0 6.9 5.1 13.6 0.36 45.7 29.0 6.1 6.9 12.3 0.57

1.4 07 08 1.1 1.4 0.12 30 24 08 t.1 1.1 0.04 23 28 0.4 1.2 0.8 0.14

v 60.2 9.4 95 51 159 0.32 57.7 12.5 9.2 53 158 0.33 455 251 7.2 7.1 15.6 0.46

1.6 1.2 08 07 0.8 006 38 29 0.6 08 0.5 006 15 1.1 0.5 06 0.5 0.03

A\ 52.3 13.0 11.5 5.7 17.4 0.33 51.8 13.1 120 5.1 18.0 0.29 34.9 29.3 10.0 7.8 18.1 0.43

26 27 0.7 07 07 005 39 39 10 0.9 0.2 0.05 28 2.4 0.5 0.4 0.7 0.01

VI 45.2¢ 15.7 14.5 6.1 18.7 0.33 29.3 31.0 11.6 8.6 19.5 0.44

26 24 10 1.2 1.2 0.08 4.1 42 0.5 05 0.7 0.02

TG, triglycerides; CE, cholesteryl esters; Prot, protein; FC, free cholesterol; FL, phospholipids.

¢ Samples were selected which most closely gave percentage content of protein + free cholesterol 4 phospholipids of 15, 20, 25, 30, 35,
and 409, for successive fractions. Values are means (above) = sp (below).

¢ Includes one subject with exogenous hyperlipemia and two each with endogenous and mixed hyperlipemia.

oy

4.
2.
o 3.

cn
dn
n

DISCUSSION

The direct measurements of particle diameters that
were made in this study extend previous observations
(6) on the fractionation of triglyceride-rich lipoproteins
by columns of 2%, agarose gel. This method is shown to
provide effective fractionation over most of the usual
size range of VLDL, and particles in the size range of
chylomicrons are conveniently separated as a group
emerging in the void volume of the column. Another
highly useful feature of the method is that it yields
lipoproteins essentially free of material of smaller particle
size. For example, chylomicrons separated from whole
lymph or plasma have essentially the same content of
protein as those obtained after preliminary ultracen-
trifugal separation of triglyceride-rich lipoproteins.?
Thus, there is no need to subject fractions to washing
procedures that might alter their compositions (2, 18).
Substantial quantities of material can be fractionated
so that additional studies of the properties of the lipopro-
teins and their constituents are facilitated.

The direct comparison of particle size and chemical
composition of subfractions of VLDL provides strong
support for the concept that these particles, like chy-
lomicrons (19), consist of an oil droplet of triglycerides
and cholesteryl esters surrounded by a monomolecular
film of constant thickness composed of phospholipids
and free cholesterol together with protein. Up to equi-
molar quantities of cholesterol can be incorporated into
lamellar forms of lecithin (20), so that the quantity of
cholesterol found in subfractions of VLDL could easily
exist in such a surface film, as pointed out earlier by

# Alexander, C., and R. J. Havel. Unpublished observations.
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Gustafson, Alaupovic, and Furman (2). Additional
evidence for the surface location of at least the bulk of
the free cholesterol is provided by the improved fit of the
surface volume-diameter relationship for particles from
subjects with primary dysbetalipoproteinemia with
those from subjects with triglyceride-rich lipoproteins
of normal composition when free cholesterol is assumed
to be included in the surface film. According to Small
(21), very little cholesterol can be incorporated into
mixtures of triolein and cholesteryl oleate at 38°C.
Zilversmit (19) concluded from studies of the mem-
branous material produced when chylomicrons from
lymph of dogs, rats, and humans were subjected to
repeated freezing and thawing that about two thirds
of the free cholesterol was present, together with phos-
pholipids and protein, in a surface monolayer. He also
found some of the triglycerides but none of the choles-
teryl esters in this material. Gustafson et al. (2) con-
cluded from studies with subfractions of VLDL sepa-
rated by repeated angle head ultracentrifugations that
inclusion of free cholesterol in a surface film is required
to provide complete coverage of spherical particles.
They assumed that the film was in a maximally condensed
state and that it had a thickness of 14 A. The values they
obtained for composition of subfractions were admittedly
subject to error, since content of both free cholesterol
and cholesteryl esters in all subfractions was less than
that of the original unfractionated lipoproteins. Their
values for phospholipid content of subfractions are also
lower than ours, and they did not exceed that of the
unfractionated material. Their estimates of molecular
diameter were calculated from S; rates. For these reasons,
detailed comparison of their results with ours is not
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Fic. 5. Gel chromatographic elution pattern of triglyceride-rich
lipoproteins from a subject with dysbetalipoproteinemia. Abbrevia-
tions as in Fig. 4.

warranted, although they agree well in a qualitative
sense.

Our estimate of about 21.5 A for the thickness of the
surface film is about half of the value derived from X-ray
diffraction patterns for the thickness of bilayers of
lecithin (22) or lecithin and cholesterol (23) in water.

Origin

Seum VIDL LOL HDL o121

2/3/70 ' n
Serum lipid
TC 28 o
PL 270

16 109-

Origin

Serum VLDL LDL HDL d>1.21

Fic. 6. Agarose gel electrophoretograms from a subject with
dysbetalipoproteinemia before (above) and after (below) weight loss
of 9 kg. Serum lipid values are in mg/dl. Note that two bands are
present in VLDL on both occasions although the mobility of the
slower band is clearly in the 8 region only in the first pattern. The
gel chromatographic pattern shown in Fig. 5 represents the sample
taken after weight loss.

Adsorption of protein to such lamellac may increase
the thickness somewhat (24), but the structural relation-
ship between protein and other surface constituents is
uncertain (25). The present results are consistent with
the concept that protein forms an intimate part of the
film itself. The value of 21.5 A may overestimate the
actual thickness of the surface material since the actual
diameters of the lipoproteins may be somewhat smaller
than those measured in the electron micrographs. In
the samples obtained from the subject on a polyun-
saturated fat-rich diet, particles with a given per-
centage of surface material were about 119, (range
6-169,) smaller than those obtained when he was on his
usual diet. At least two explanations can be offered for
this apparent discrepancy. First, the particles containing
larger amounts of unsaturated fatty acids may have been
less subject to flattening because they had taken up more
osmium (Fig. 1). Second, the molecular volume of the
lipids on the surface monolayer may have been larger
because of greater content of unsaturated acids at the 8
position of phospholipids (this would result in reduced
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Fic. 7. Agarose gel electrophoretograms of triglyceride-rich
lipoproteins contained in each of 16 fractions obtained from a sub-
ject with dysbetalipoproteinemia. Note that fraction 2 has a distinct
component at the origin and that the migrating band increases in
mobility up to fraction 6, at which two migrating bands are first
seen. The faster of these bands gradually decreases in intensity and
is no longer evident after fraction 12.
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Fic. 8. Relationship between observed diameter (numerical
average) and sum of content (volume %) of protein and phospho-
lipids of 34 fractions of triglyceride-rich lipoproteins from seven
individuals. Open and closed triangles represent subjects with
dysbetalipoproteinemia.

particle size provided that the partial specific volumes of
the core lipids were unchanged) (26). Comparison of
the relationship between diameter of the particles and
the length of their shadow suggested that some particles
from subjects on ordinary diets were slightly flattened
on the grid, thus increasing the apparent diameter. If
the diameters of all particles were indeed about 119,
less than that observed, the estimated thickness of the
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Fi6. 9. Relationship between observed diameter and sum of con-
tent (volume 9;) of protein, phospholipids, and free cholesterol of
34 fractions from the seven subjects of Fig. 8. The curved line is
that l}'{)r a sphere having a surface shell with constant thickness of
21.5 A.

3

3

Stz op, o= - 2
= = Mear

t; a &0 ) sD

Brm a a a ®

il :

£

- /L

L T | T |l T J

0 400 500 600 700 800, 900 1000
Diameter (R)

Fic. 10. Calculated thickness of the shell that would evenly cover
spheres having the diameters and volume percentages of shell
material indicated for each of the points of Fig. 9. No systematic
difference in calculated thickness is apparent for particles of vari-
ous diameters. The mean thickness == sp is 21.45 == 1.66 A.

surface material would be about 19 A. Our calculations
are also subject to uncertainty related to the molecular
volumes of the constituents of the surface material. We
have taken them to be equal to the values observed in
aqueous dispersions of model compounds. Mixed mono-
layers or lamellae of cholesterol and lecithin are known
to be more condensed than those of lecithin alone (20,
26).

Application of gel chromatography to the study of
triglyceride-rich lipoproteins in subjects with hyperli-
pemia provides information about their size distribution
and about the composition of particles of defined size.
The mean diameter of any subfraction can be calculated
from summed fractional content of protein, free choles-
terol, and phospholipids. Distribution of particle size
is also provided by analytical ultracentrifugation, but
this method gives no information about the content of
chylomicrons or about chemical composition. A bimodal
distribution indicating the presence of chylomicrons
may be observed even in normolipemic individuals
(Fig. 4), and it is the rule in subjects with exogenous
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and mixed hyperlipemia and in subjects with dysbetali-
poproteinemia. The peak of the VLDL distribution is
often shifted to the left when VLDL of normal composi-
tion accumulate. Although there is evidence that the size
of VLDL tends to increase in parallel with their rates
of synthesis in the liver (27, 28), our observations indicate
that particle size of VLDL in plasma may also be in-
creased in states known to be accompanied by impaired
removal of triglyceride-rich lipoproteins.

Our data confirm previous observations which have
shown that triglyceride-rich lipoproteins in subjects
with dysbetalipoproteinemia have increased content
of cholesteryl esters and decreased content of triglyc-
erides (29-31). In contrast, two of the surface con-
stituents of the lipoprotein, phospholipids and protein,
were present in relatively normal amounts for particles
of a given size. Content of free cholesterol was con-
sistently greater only in the largest particles, whose mean
diameter was in the range of 660-850 A. A lesser in-
crease was gbserved in chylomicron-sized particles from
most of the hyperlipemic subjects. Minari and Zilversmit
(32) have reported that the free cholesterol content of
chylomicrons obtained from thoracic duct lymph of
dogs increased gradually when they were incubated
with chylomicron-free serum or with high density
lipoproteins. Thus, the increased content of free choles-
terol could be a consequence of retention of these par-
ticles in the blood of subjects with these disorders. Porte,
O’Hara, and Williams (33), who found increased con-
tent of total cholesterol in S¢ > 400 lipoproteins from
plasma of postabsorptive hyperlipemic subjects, came
to a similar conclusion. In the subjects with dysbetali-
poproteinemia, the molar ratio of free cholesterol to
phospholipids in the large particles was consistently
above unity. Since this exceeds the known capacity of
lamellae of lecithin to accommodate free cholesterol
(20), it is probable that some of the free cholesterol in
these particles is in the central oil droplet.

Another feature of the lipid distribution of subjects
with dysbetalipoproteinemia was the similar content
of cholesteryl esters in the largest and smallest popula-
tions of triglyceride-rich lipoproteins. The large particles,
which were excluded from the gel filtration column,
were more homogeneous than those from other hy-
perlipemic subjects and contained few particles in the
usual size range of chylomicrons (greater than 1000 A
diameter). In particles of intermediate size, the content
of cholesteryl esters was consistently lower, so that their
compositions more nearly resembled that of normal sub-
jects and subjects with other types of hyperlipemia. In
this intermediate population, two species of VLDL
evidently were present since two bands with 8 and pre-8
mobility were observed on electrophoresis in agarose
gel (Fig. 6). The peak of the VLDL distribution in this

disorder is close to 350 & (Figs. 2 and 5). This compares
with a value of about 400 A in normolipemic subjects.
There was a substantial population of these small par-
ticles in each of the subjects with dysbetalipoproteinemia,
and they had an unusually narrow range of size (Figs.
2 and 3). Taken together with available information on
the lipoprotein abnormality in dysbetalipoproteinemia
(29-31), the present results are consistent with the pres-
ence of three populations of triglyceride-rich particles in
this disorder. The two populations at the extremes of
particle size are unusually rich in cholesteryl esters and
may also differ in the composition of the protein at the
surface when compared with ordinary lipoproteins of
equivalent size. Respectively, the populations with
mean diameters of 800 and 350 A may constitute “rem-
nants”’ of the metabolism of chylomicrons and VLDL
from which the bulk of the triglycerides has been re-
moved (34-37) and in which much or all of the “C”
apoproteins have been transferred to HDL (38, 39). In
part, their high content of cholesteryl esters may also
reflect reciprocal transfers of the core constituents,
cholesteryl esters and triglycerides, related to the action
of lecithin:cholesterol acyltransferase on high density
lipoproteins (40).4 The third population may represent
particles having a normal distribution of size (and chem-
ical composition) that overlaps the abnormally ac-
cumulating large and small remnants.
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