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Abstract Cryo-electron microscopy was used to analyze

 

the structure of lipoprotein particles in density gradient sub-
fractions of human very low density lipoprotein (VLDL), in-
termediate density lipoprotein (IDL), and low density li-
poprotein (LDL). Lipoproteins from a normolipidemic
subject with relatively large and buoyant LDL (pattern A)
and from a subject with a predominance of small dense
LDL (pattern B) were compared. Projections of VLDL in
vitreous ice were heterogeneous in size, but all were circular
with a relatively even distribution of contrast. Selected pro-
jections of LDL, on the other hand, were circular with a
high density ring or rectangular with two high density bands.
Both circular and rectangular LDL projections decreased in
average size with increasing subfraction density, but were
found in all of 10 density gradient subfractions, both in pat-
tern A and in pattern B profiles. Preparations of total IDL
contained particles with the structural features of VLDL as
well as particles resembling LDL. IDL particles resembling
LDL were observed in specific density gradient subfractions
in the denser region of the VLDL–IDL density range.
Within the group of IDL particles resembling LDL consider-
able heterogeneity was observed, but no structural features
specific for the pattern A or pattern B lipoprotein profile
were recognized.  The observed structural heterogeneity
of the apolipoprotein B-containing serum lipoproteins may
reflect differences in the composition of these particles that
may also influence their metabolic and pathologic proper-

 

ties.

 

—van Antwerpen, R., M. La Belle, E. Navratilova, and
R. M. Krauss.
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The human lipoproteins that contain apolipoprotein
B-100 (apoB) [i.e., very low density lipoprotein (VLDL),
intermediate density lipoprotein (IDL), and low density

 

lipoprotein (LDL)] play critical roles in the serum trans-
port of triacylglycerol and cholesteryl esters (1). VLDL is
synthesized and secreted by the liver as a triacylglycerol-rich
particle, and subsequent hydrolysis of VLDL-associated tria-
cylglycerol by lipoprotein lipase converts VLDL to IDL at
the luminal surface of vascular endothelial cells. Contin-
ued delipidation of IDL by both lipoprotein lipase and he-

 

patic lipase activity further converts IDL to LDL, which
contains mainly cholesteryl esters in its hydrophobic core.
During the lipolytic conversion of VLDL to LDL, apoB un-
dergoes a conformational change that allows LDL to bind
to the LDL receptor. This ultimately results in the removal
of the lipoprotein particle from the circulation (1).

Recent studies indicate that the traditional VLDL, IDL,
and LDL density classes contain different lipoprotein sub-
species with distinct biochemical properties and metabolic
fates (2). Turnover studies have suggested that the VLDL
density class consists of at least two subclasses that contain
lipoprotein particles of different average size (3–5). Both
the synthesis and catabolism of these two subclasses appear
to be regulated independently (3–5). In addition, VLDL
subfractions with defined compositional differences have
been isolated using affinity chromatography (6, 7).

 

Heterogeneity has also been observed in the IDL and LDL
density classes. Total IDL contains at least two subclasses with
different metabolic fates (8, 9), while the LDL density class
consists of multiple subclasses with particles that differ in
size, density, lipid composition, antioxidant content, electri-
cal charge, and sensitivity to protease treatment (10–17). It
has been demonstrated that several LDL subclasses differ in
their affinity for the LDL receptor (18–24).

 

The possible relevance of various lipoprotein sub-
classes in the development of atherosclerosis is illustrated
by studies on the heterogeneity of LDL. Based on LDL
subclass distribution, individuals can be classified as hav-
ing mostly large and buoyant LDL (pattern A) or pre-
dominantly small and dense LDL (pattern B) (10–12).
The pattern B lipoprotein profile is associated with an up
to 3-fold increased risk of developing coronary artery dis-
ease (25–27). Additional studies indicate that specific

 

Abbreviations: VLDL, very low density lipoprotein; IDL, intermedi-
ate density lipoprotein; LDL, low density lipoprotein; Cryo-EM, cryo-
electron microscopy; GGE, gradient gel electrophoresis; EM, electron
microscope.
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VLDL and IDL subclasses may be involved in the devel-
opment of atherosclerosis as well (25, 28). Both the
metabolic heterogeneity of apoB-containing serum lipo-
proteins and the suspected heterogeneity in their athero-
genic potential are thought to originate from structural
differences in the apolipoprotein moieties. However, very
little is known about the arrangement and conformation
of apolipoprotein molecules in the various VLDL, IDL,
and LDL particles.

Recent studies indicate that the spatial distribution of
the apolipoprotein moiety on the lipoprotein surface can
be visualized using cryo-electron microscopy (cryo-EM)
(29–31). We therefore hypothesized that the metabolic
heterogeneity of apoB-containing serum lipoproteins may
correlate with a structural heterogeneity that can be ob-
served using cryo-EM. To test this hypothesis, we analyzed
the structure of lipoprotein particles in VLDL, IDL, and
LDL density gradient subfractions. Our results reveal
major structural differences between VLDL and LDL, as
well as extensive structural heterogeneity within the IDL
and LDL density classes.

 

MATERIALS AND METHODS

 

Subjects

 

ApoB-containing serum lipoproteins were isolated from a sub-
ject with relatively large and buoyant LDL (pattern A lipoprotein
profile) and from a subject with a predominance of relatively
small and dense LDL (pattern B lipoprotein profile). Plasma
lipid concentrations for the pattern A subject were 77 mg/dl tri-

 

glyceride, 168 mg/dl total cholesterol, 57 mg/dl HDL cholesterol,

 

96 mg/dl LDL cholesterol; the pattern B subject had plasma values
of 147 mg/dl triglyceride, 159 mg/dl total cholesterol, 28 mg/dl
HDL cholesterol, and 102 mg/dl LDL cholesterol. This study was
approved by the Human Subjects Committee of the University of
Arizona Health Sciences Center.

 

Lipoprotein isolation

 

After an overnight fast, blood samples were drawn into Vacu-
tainers containing 1 mg of EDTA per ml, and cells were pelleted

 

by low-speed centrifugation (2000 

 

g

 

, 4

 

8

 

C). Trolox (10 

 

m

 

m

 

), a
water-soluble vitamin E analog, was added to plasma to prevent
oxidation of lipoproteins during isolation.

VLDL (d 

 

,

 

 1.006 g/ml), IDL (1.006 

 

,

 

 d 

 

,

 

 1.019 g/ml), and
LDL (1.019 

 

,

 

 d 

 

,

 

 1.063 g/ml) were isolated by sequential ultra-
centrifugation (32), dialyzed into 150 m

 

m

 

 NaCl (pH 7.4), 10 

 

m

 

m

 

Trolox, and stored under nitrogen at 4

 

8

 

C.

 

VLDL-IDL (d 

 

,

 

 1.019 g/ml) was isolated by preparative ul-
tracentrifugation (32), and subfractions were prepared by non-
equilibrium density gradient ultracentrifugation as previously
described (7). Briefly, the lipoprotein solution was dialyzed to
a density of 1.21 g/ml, and 4.5-ml aliquots were added to 12 ml
Beckman Ultraclear centrifuge tubes. These aliquots were then
overlaid sequentially with 3 ml each of d 1.020 and 1.010 g/ml
solutions, followed by 1.5 ml of a d 1.000 g/ml solution. The
samples were centrifuged at 40,000 rpm for 6 h in a Beckman
SW41 rotor at 17

 

8

 

C. After centrifugation, 8 fractions (four 1-ml

 

fractions, followed by four 0.5-ml fractions) were collected

 

and labeled 1 through 8 in order from the top of the centri-
fuge tube. Fractions were then dialyzed and stored as de-
scribed above.

 

Compositional analysis

 

VLDL, IDL, and LDL protein concentrations were deter-
mined by a modification of the method of Lowry et al. (33)
using BSA as the standard. Apolipoproteins B and E were mea-
sured using a standardized sandwich style ELISA (34), and de-
tection with biotinylated antibodies (prepared from purified
apoprotein-specific antisera), streptavidin-conjugated horserad-

 

ish peroxidase, and 

 

o

 

-phenylenediamine (Sigma Chemical Co.,
St. Louis, MO). Lipoprotein calibrators were standardized
using CDC #1883 serum reference material (Center for Disease
Control, Atlanta, GA) and pooled reference sera (Northwest
Lipid Research Clinic, Seattle, WA). Phospholipids were mea-
sured by a standardized colorimetric method (35) using a phos-
phorus calibrator (Sigma Chemical Co.). Total cholesterol,
unesterified cholesterol, and triglyceride were analyzed using
enzymatic-endpoint reagent kits (Ciba-Corning Diagnostics
Corp., Oberlin, OH), according to the manufacturer’s instruc-
tions, on a Gilford Impact 500E auto analyzer (Ciba-Corning
Diagnostics Corp.).

 

Gradient gel electrophoresis of lipoproteins

 

Lipoprotein particle diameters were determined by non-
denaturing 2–14% polyacrylamide gradient gel electrophoresis

 

(GGE) in 0.09 

 

m

 

 Tris/0.08 

 

m

 

 borate buffer (pH 8.3), 3 m

 

m

 

 EDTA at

 

8–10

 

8

 

C (11, 36). Gels were stained for protein with Coomassie
Brilliant Blue R-250 and scanned at 555 nm with a Transidyne RFT
densitometer. LDL particle sizes were calculated from a calibration
curve using high molecular weight standards (Pharmacia Biotech,
Piscataway, NJ), 380 Å latex beads (Duke Scientific Corp., Palo
Alto, CA), and lipoprotein calibrators stored frozen at 

 

2

 

80

 

8

 

C.
Plasma samples, stored at 

 

2

 

80

 

8

 

C, were run in duplicate on each
gel to serve as controls.

 

Cryo-electron microscopy

 

Cryo-EM samples were prepared by ultra-rapid freezing in liq-
uid propane as described previously (29). Preparations were ana-

 

lyzed under low-dose conditions (ca. 10 e

 

2

 

/Å

 

2

 

) at a temperature
of 

 

2

 

167

 

8

 

C using a Philips EM 420 Transmission Electron Micro-
scope (Philips, Ramsey, NJ) and a Gatan, Model 626 Cryo-Transfer
Device (Gatan Inc., Warrendale, PA). Recordings were taken

 

at an instrument magnification of 29,000

 

3

 

, and at 1.6, 2.4, and
3.2 

 

m

 

m underfocus.

 

EM measurement of lipoprotein particle diameters

 

Magnification settings of the electron microscope were cali-
brated using a standard diffraction grating replica (Ted Pella,
Inc., Redding, CA). Photographic EM negatives were digitized on
a flat bed scanner, and digitized images of the lipoprotein parti-
cles were further analyzed using the measuring tools of the com-
puter program Adobe Photoshop, version 3.0 (Adobe Systems
Inc., San Jose, CA). Averages and standard deviations of the mea-
sured parameters were calculated using the statistical functions
of the computer program GraphPad Prism, version 1.03 (Graph-
Pad Prism, San Diego, CA). Relevant parameters were measured
on 50–200 particles for each point in the graphs. Photographic
negatives were recorded randomly from areas in the preparation
that were of suitable thickness, and all relevant projections in the
photographic negative were measured. For determining the di-
mensions of LDL and small IDL particles, only circular projec-
tions with a distinct high density ring (face-on views of the ob-
served structure) and rectangular projections with two distinct
high density bands (edge-on views of the observed structure)
were measured. By selecting only projections with well-defined
high density rings or high density bands, inaccuracies in the mea-
surements due to variations in the orientation of the particles
were minimized.
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Fig. 1. A–C: Typical projections of normal LDL in vitreous ice. A: Circular projection with a ring of high density around the edge.
B: Oval projection with increased density at the left and right tips of the projection. C: Rectangular projection with two high density bands
parallel to the long axis of the projection. A –C are projections of three different particles; the width of these projections is ca. 21 nm.
D–E: Cryo-electron micrographs of VLDL from a normolipidemic subject. D: Low magnification overview of a vitrified VLDL preparation.
Asterisks indicate part of the lacey substrate that supports the suspended film of frozen VLDL solution. Arrows indicate colloidal gold par-
ticles that were included in the preparation as a focusing aid. In this particular area of the preparation, VLDL particles accumulated in the
thickest part of the suspended film and were excluded from thinner parts in the center of the film. This localized accumulation is only
seen occasionally, when the film of VLDL solution is extremely thin before vitrification. Arrowheads indicate areas where lipoprotein parti-
cles are superimposed in the two-dimensional plane of the micrograph. Scale bar represents 100 nm. E: High magnification cryo-electron
micrograph of individual VLDL particles. Scale bar represents 50 nm. F –G: Cryo-electron micrographs of IDL from a normolipidemic sub-
ject. F: IDL particles in vitreous ice, viewed at an angle of 2458 relative to the 08 plane of the sample holder. G: Same IDL particles as in F,
viewed at an angle of 1458 relative to the 08 plane of the sample holder. Note that tilting of the sample holder in the electron microscope
resulted in a 908 difference in the viewing angle between F and G; the tilt axis runs horizontally across the figures. Scale bars in F and G
represent 50 nm.
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Fig. 2. Cryo-electron micrographs of lipoprotein particles from VLDL–IDL density gradient subfractions 1 and 6. A: subfraction 1, pattern A;
B: Subfraction 1, pattern B; C: subfraction 6 pattern A; D: subfraction 6 pattern B. The black dot in B is one of the colloidal gold particles
that were included in the preparation as a focusing aid. Arrowheads in A and B indicate areas where lipoprotein particles are imaged super-
imposed in the two-dimensional plane of the micrograph. Arrows in C and D indicate rectangular projections. Micrographs were taken at
2.4 mm underfocus. Magnification 275,0003.

 

RESULTS

 

Total VLDL, IDL, and LDL

 

Cryo-electron micrographs of normal LDL in vitreous
ice show a seemingly discoid structure with a double ring
of high density around its perimeter (29, 31). Face-on
views of this structure generate circular projections with a
high density ring (

 

Fig. 1A

 

), while edge-on views generate
rectangular projections with two high density bands (Fig.
1C). Views from angles between face-on and edge-on gen-
erate elliptical projections with somewhat increased den-
sity at the sharply curved ends (Fig. 1B).

 

The distinct projections shown in Fig. 1A–C were not

observed in cryo-EM preparations of total VLDL. All pro-
jections of VLDL in vitreous ice were roughly circular
with a relatively even distribution of contrast (Fig. 1D,E).
Diameters of the different VLDL projections were quite
heterogeneous, ranging from ca. 18 to 50 nm, with a me-
dian diameter of 26 nm, and an average diameter of

 

27 

 

6

 

 6.4 nm (

 

6

 

 SD). Although the diameters of the
smallest VLDL particles were within the size range of nor-
mal LDL, their projections did not have the rings or
bands of high density seen in cryo-EM preparations of nor-
mal LDL.

 

In cryo-EM preparations of total IDL, relatively large
particles resembling VLDL as well as smaller particles

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


 

van Antwerpen et al.

 

Structural heterogeneity of VLDL, IDL, and LDL subfractions 1831

 

resembling LDL were detected (Fig. 1F,G). When
VLDL-like particles were viewed from different angles
(Fig. 1F,G, arrowhead), all resulting projections were
circular, demonstrating that the observed structure is
spherical. However, when LDL-like particles were viewed
from different angles, rectangular projections with two
high density bands (edge-on views) were “converted” to
circular projections with a high density ring (face-on
views) (Fig. 1F,G arrow) and vice versa. These observa-
tions established that total IDL from normolipidemic
subjects contains at least two subclasses with distinct
structural features.

 

VLDL-IDL density gradient subfractions

 

To further examine the possible existence of multiple
structural subclasses of human VLDL and IDL, and to
determine whether these subclasses might segregate ac-
cording to density, we isolated eight VLDL-IDL subfrac-
tions using density gradient ultracentrifugation, and ana-
lyzed the different subfractions using cryo-EM. VLDL–
IDL subfractions from subjects with either a pattern A or
a pattern B lipoprotein profile were analyzed to deter-
mine whether structural differences exist between the
corresponding lipoproteins of these two profiles. In both
lipoprotein profiles, subfractions were labeled 1 through
8, with subfraction 1 having the lowest density (see mate-
rials and methods).

All cryo-EM projections of subfraction 1 were circular
with a relatively even distribution of contrast, and no
structural differences between projections of patterns A
and B were recognized (

 

Fig. 2A

 

,

 

B

 

). The diameters of the
different projections in subfraction 1 were quite heteroge-

 

neous (

 

Fig. 3A

 

), ranging from ca. 24 to 54 nm, with a
median diameter of 31 nm, and an average diameter of

 

32.5 

 

6

 

 6.6 nm (

 

6

 

SD) (for pattern A). The average diame-
ter of lipoprotein particles decreased from 32.5 nm in
subfraction 1 (pattern A) to 23.5 nm in subfraction 4 (pat-
tern A) (Fig. 3A) without a significant change in the ob-
served structure of the lipoproteins (results not shown).
However, in cryo-electron micrographs of subfractions
5–8, rectangular projections such as those seen in prepa-
rations of normal LDL (Fig. 1C) and in preparations of
total IDL (Fig. 1F) were recognized, both in pattern A and
in pattern B lipoprotein profiles (Fig. 2C,D).

Considerable heterogeneity in both size and substruc-
ture was shown to exist within subfractions 5 through 8.

 

Figure 4

 

 illustrates this heterogeneity for lipoproteins
from subfraction 6, pattern A. Particularly striking are dif-
ferences in the width/height ratio (i.e., the aspect ratio)
of different rectangular projections. The highest aspect
ratio found in rectangular projections of subfraction 6 was
2.1 (Fig. 4, row 1), while the lowest aspect ratio found in
this subfraction was 1.4 (Fig. 4, row 3). The average aspect

 

ratio of rectangular projections in subfraction 6 was 1.85 

 

6

 

0.13 (

 

6

 

SD). Similar variations in the aspect ratios of rect-
angular projections were found in all subfractions 5–8 of
both pattern A and B (Fig. 3B).

Structural heterogeneity was also observed in circular
projections of subfractions 5–8 (Fig. 4). Some of those cir-

cular projections had a relatively even distribution of high
density (Fig. 4, row 4), similar to the circular projections
of subfraction 1 (Fig. 2A,B). Smaller circular projections of-
ten had a high density ring around their perimeter with a
somewhat more translucent center (Fig. 4, row 6), similar
to circular projections of LDL (Fig. 1A). Other circular
projections were intermediate between the latter two types
in both size and substructure (Fig. 4, row 5).

To determine whether focus adjustments of the elec-
tron microscope had an effect on the observed structures,
we recorded images at underfocus settings of 1.6–3.2 

 

m

 

m.
Figure 4 demonstrates that a change in the underfocus
setting of the electron microscope only led to alterations
in the structural details of the lipoprotein images: in both
rectangular and circular projections, the appearance of
certain high density “domains” changed with the under-
focus setting. Similarly, some rectangular projections of

Fig 3. A: Average dimensions (6SD) of lipoprotein particles in
VLDL–IDL density gradient subfractions of pattern A (open cir-
cles) and pattern B (closed circles), as measured in cryo-electron
micrographs of the particles. Dimensions were measured on cir-
cular projections only. B: Average aspect ratios (6SD) of rectan-
gular projections of lipoprotein particles in VLDL –IDL density
gradient subfractions of pattern A (open circles) and pattern B
(closed circles).
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subfractions 5–8 contained a faint third band of high op-
tical density that was visible only at particular underfocus
settings (Fig. 4, images 1B and 2B). However, the overall ap-
pearance of the circular projections with a high density
ring and the rectangular projections with two high density
bands did not change when the underfocus setting of the
electron microscope was varied between 1.6 and 3.2 

 

m

 

m
(Fig. 4).

The presence of rectangular projections in cryo-EM

preparations of subfractions 5–8 correlated with several
compositional parameters of the lipoprotein particles.
The ratios of triacylglycerol/apoB (w/w), triacylglycerol/
cholesteryl ester (w/w), and apoC-III/apoB (molar ratio)
were relatively high in VLDL–IDL subfractions 1–4, and
lower in subfractions 5–8, both in pattern A and in pat-
tern B lipoprotein profiles (

 

Table 1

 

). Comparison of cryo-
EM data with the compositional data of Table 1 shows that
rectangular projections occurred when the triacylglycerol/

Fig. 4. Rows 1–3: Selected rectangular projections of three different lipoprotein particles from VLDL –IDL
subfraction 6 (pattern A), recorded at underfocus settings of 1.6 mm (column A), 2.4 mm (column B), and
3.2 mm (column C). Rows 4–6: Selected circular projections of three different lipoprotein particles from
VLDL–IDL subfraction 6 (pattern A), recorded at underfocus settings of 1.6 mm (column A), 2.4 mm (col-
umn B), and 3.2 mm (column C). Arrows indicate detailed high density features that change with the under-
focus setting of the electron microscope. Arrowheads indicate a faint third band of high density that is only
visible at specific underfocus settings.
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apoB ratio was lower than 3–4, the triacylglycerol/choles-
teryl ester ratio was lower than 1–2, and the apoC-III/apoB
molar ratio was lower than ca. 15. Despite the suggestion
of some compositional differences between correspond-
ing subfractions 5–8 from patterns A and B (Table 1), no
obvious structural differences were observed between the
corresponding lipoproteins.

 

LDL density gradient subfractions

 

To determine the possible existence of structural sub-
classes of LDL, and to determine whether these subclasses
might segregate according to density, we isolated 10 LDL
subfractions using density gradient ultracentrifugation,
and analyzed the different subfractions using cryo-EM.
LDL subfractions from a subject with a pattern A lipopro-
tein profile were compared with subfractions from a person
with a pattern B profile.

Projections of LDL particles in vitreous ice decreased in
size with increasing fraction density as shown in 

 

Fig. 5A

 

.
No significant differences were observed in the average
diameter of particles in corresponding subfractions of
patterns A and B. However, the average diameter of total
LDL particles from the pattern A subject was 20.1 

 

6

 

 1.7
nm (

 

6

 

 SD), while the average diameter of total LDL parti-
cles from the pattern B subject was significantly smaller

 

(

 

P

 

 

 

,

 

 0.0001) with a value of 17.9 

 

6

 

 1.5 nm (

 

6

 

 SD). These
observations are consistent with the established predomi-
nance of relatively large and buoyant LDL particles in the
pattern A profile and the prevalence of small and dense
LDL particles in the pattern B profile.

Circular projections with a high density ring and rectan-
gular projections with two high density bands were ob-
served in all LDL subfractions, from both pattern A and
pattern B lipoprotein profiles. As in IDL subfractions, the
aspect ratios (width/height) of rectangular LDL projec-
tions varied extensively within each subfraction (Fig. 5B).
In addition, within each LDL subfraction, both the width
and the height of rectangular projections varied widely
(Figs. 5C–D). In Figs. 5C and 5D, the average widths and
heights of rectangular LDL projections from each individ-
ual subfraction of patterns A and B are plotted against
each other. The height of the rectangular projections in
pattern A appeared to vary over a narrower range than the

height of pattern B projections, as reflected in the slopes
of the linear fits of Figs. 5C and 5D.

As for VLDL–IDL images, a change in the underfocus
setting of the microscope led to alterations in the structural
details of the LDL images. However, the overall shape of
the circular projections with a high density ring and the
rectangular projections with two high density bands did
not change when the underfocus setting of the electron
microscope was varied between 1.6 and 3.2 

 

m

 

m (results
not shown, see also reference 29 for total LDL).

 

Figure 6

 

 shows that relative LDL particle diameters
measured by cryo-EM correlated well with relative diame-

 

ters measured by GGE (r

 

2 

 

5 

 

0.85). However, cryo-EM data
consistently gave smaller lipoprotein diameters. VLDL
and IDL subfractions were too heterogeneous to allow a
similar correlation analysis to be performed.

DISCUSSION

Many studies have demonstrated that cryo-EM can provide
detailed information on the structure of supramolecular
assemblies close to their native state (37, 38). A particular
advantage of cryo-EM over conventional EM techniques is
that the use of chemical fixatives or stains can be avoided,
and samples can be analyzed in a hydrated state. Further-
more, during the preparation of vitrified cryo-EM samples,
freezing rates (i.e., fixation rates) are fast enough to pre-
serve characteristic features of lipid phases that exist above
the phase transition temperature of the system (39, 40).
Therefore, the structure of lipoprotein particles as ob-
served in the present study is in all likelihood very close to
the structure of the lipoproteins at room temperature,
i.e., the temperature from which the samples were frozen.

The present cryo-EM study reveals major structural dif-
ferences between human VLDL and LDL particles. While
projections of VLDL in vitreous ice are all circular with a
relatively even distribution of contrast (Figs. 1D,E and
2A,B), specific projections of LDL are either circular with
a high density ring or rectangular with two high density
bands (Figs. 1A–C). The typical distribution of high den-
sity in projections of LDL suggests that the protein moiety
of LDL (i.e., apoB) is organized as a double ring around

 

TABLE 1. Compositional analysis of VLDL–IDL density gradient subfractions from pattern A and pattern B lipoprotein profiles

 

VLDL/IDL
Subfraction

Pattern A Pattern B

w/w 
TG/ApoB

w/w 
TG/CE

Molar Ratio
w/w

TG/ApoB
w/w

TG/CE

Molar Ratio

ApoE/B ApoC-III/B ApoE/B ApoC-III/B

 

1 13.93

 

.

 

30 0.228 41.28 11.21 18.78 0.096 32.84
2 11.40 7.56 0.229 32.10 5.79 4.92 0.072 23.45
3 14.55 10.71 0.341 35.12 5.56 2.53 0.097 20.87
4 7.22 3.33 0.234 20.24 3.21 1.13 0.080 14.70
5 3.70 1.79 0.118 10.67 2.38 0.65 0.093 11.72
6 1.62 0.59 0.078 4.46 1.40 0.44 0.072 8.33
7 0.69 0.28 0.039 2.19 1.17 0.44 0.061 6.84
8 0.61 0.26 0.042 2.23 1.13 0.28 0.085 8.19

Lipid and apolipoprotein composition of each density gradient subfraction was determined as described in Materials and Methods; TG, tria-
cylglycerol; CE, cholesteryl ester; apo, apolipoprotein.
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the lipid core of the particle (29, 31). Similarly, the more
homogeneous distribution of contrast in VLDL projec-
tions indicates that the protein moiety of VLDL is distrib-
uted more evenly across the lipoprotein surface. The
structural difference between VLDL and LDL in vitreous
ice may, therefore, reflect the dissociation of small apoli-
poproteins from the lipoprotein surface and/or the con-
formational change of apoB during the lipolytic conver-
sion of VLDL to LDL (1).

A second important observation in the present study is
that the IDL density class appears to contain at least two
structural subclasses: one subclass with the overall features
of VLDL (VLDL-like particles), and a second subclass that
resembles LDL (LDL-like particles) (Figs. 1F,G). The pres-
ence of these two structural subclasses in cryo-EM prepa-
rations of total IDL correlates with non-denaturing gel
electrophoresis studies in which two IDL subclasses with
different biochemical properties were identified (8, 9).

Fig. 5. A: Average dimensions (6SD) of lipoprotein particles in LDL density gradient subfractions of pattern A (open circles) and pattern
B (closed circles), as measured in cryo-electron micrographs of the particles. Dimensions were measured on circular projections only. B: Av-
erage aspect ratios (6SD) of rectangular projections of lipoprotein particles in LDL density gradient subfractions of pattern A (open cir-
cles) and pattern B (closed circles). C: Average heights and widths of rectangular projections in density gradient subfractions of LDL, pat-
tern A. D: Average heights and widths of rectangular projections in density gradient subfractions of LDL, pattern B.

Fig. 6. Correlation of LDL particle diameters determined by non-
denaturing polyacrylamide gradient gel electrophoresis (GGE) and
cryo-electron microscopy (cryo-EM).
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LDL-like particles were found in VLDL–IDL density
gradient subfractions 5 through 8, both in pattern A and
in pattern B lipoprotein profiles. Comparison of cryo-EM
data with compositional analyses of these subfractions
demonstrated that LDL-like cryo-EM projections are gen-
erated when the triacylglycerol/apoB ratio (w/w) was
lower than 3–4, the triacylglycerol/cholesteryl ester ratio
(w/w) was lower than 1–2, and the apoC-III/apoB molar
ratio was lower than ca. 15. Any of these three composi-
tional parameters may contribute to the observed struc-
tural difference between VLDL- and LDL-like particles. In
addition, the size of the particles’ lipid core may influence
the observed structural features. However, the fact that
some VLDL-like particles are smaller than some LDL-like
particles suggests that parameters other than the volume of
the lipid core play a role in the generation of LDL-like
features.

Within the group of IDL particles that resemble LDL
further heterogeneity was found. Specifically, the aspect
ratios of various rectangular IDL projections, represent-
ing “edge-on” views of the observed structure, varied
widely (Figs. 3B and 4). These observations suggest that
the IDL density class may consist of multiple subclasses
that can be defined by both particle size and aspect ratio.
The existence of a variety of structural IDL subclasses is
consistent with recent metabolic studies (reviewed in
ref. 2).

The present study confirms many earlier studies in
which LDL particle size was found to be inversely propor-
tional to the density of the lipoproteins (Fig. 5). In our
cryo-EM preparations, the average diameter of total LDL
from the pattern A profile (20.1 6 1.7 nm) was signifi-
cantly larger than the average diameter of total LDL from
the pattern B profile (17.9 6 1.5 nm), thus confirming
that the pattern B profile indeed contained a predomi-
nance of relatively small and dense LDL particles.

Although relative LDL size measurements by cryo-EM
and GGE correlated well (Fig. 6), particle diameters deter-
mined by cryo-EM were consistently smaller than those de-
termined by GGE. Previous work (41) has shown that
measurement of lipoprotein size by different methods,
each with its own potential limitations, can yield particle
diameters differing by as much as 6.8 nm. These discrep-
ancies are most likely due to differences in the physical
behavior of the lipoprotein particles under different con-
ditions of analysis. In the case of GGE, it is possible that in-
teraction with the gel matrix during electrophoresis induces
compression of the particle in the direction of migration,
which would increase the apparent particle diameter. On the
other hand, when measuring particle diameters on cryo-
electron micrographs, the unevenness of the particle sur-
face and the presence of background noise in the image
introduces some subjectivity in choosing precise particle
boundaries.

No obvious structural differences were found between
LDL particles in corresponding density gradient subfrac-
tions of patterns A and B. Interestingly, even the smallest
and densest LDL particles of the pattern B lipoprotein
profile (present in subfractions 9 and 10) generated circu-

lar projections with a high density ring and rectangular
projections with two high density bands. In an earlier
cryo-EM study, we have shown that small dense LDL from
an individual with severe hypertriglyceridemia [LDL sub-
fraction 4.5 (17)] does not possess these specific struc-
tural features (31). Instead, distinct projections of LDL
4.5 are triangular or diamond-shaped (31). These obser-
vations suggest that further structural heterogeneity of the
LDL density class exists in hypertriglyceridemic subjects.

As in IDL density gradient subfractions, highly variable
aspect ratios of rectangular projections were found within
density gradient subfractions of LDL. In all LDL subfrac-
tions, of both pattern A and pattern B lipoprotein pro-
files, these aspect ratios varied from ca. 1.5 to ca. 2.0. This
demonstrates that within each LDL subfraction lipoprotein
particles with considerable structural differences coexist. It
remains to be established whether other purification
methods, such as heparin- or immuno-affinity chromatog-
raphy can be used to separate LDL particles with different
size and aspect ratio.

The present study does not reveal obvious structural dif-
ferences between the apoB-containing lipoproteins from
the individuals with patterns A and B. However, it cannot
be excluded that subtle structural differences between
pattern A and pattern B lipoproteins do exist. Further-
more, either subtle or more obvious structural differences
may only be found in a larger population of subjects. Fu-
ture studies should, therefore, explore computer-assisted
methods to rapidly and reliably quantify structural differ-
ences between various subclasses of the apoB-containing
serum lipoproteins in vitreous ice. These methods can
then be used to determine whether specific structural fea-
tures observed with cryo-EM are related to an increased
risk of developing atherosclerosis.
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