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ABSTRACT: Low-density lipoprotein (LDL) particles from normolipidemic individuals contain a cholesteryl
ester-rich core that undergoes a thermal transition from a liquid crystalline to an isotropic liquid phase
between 20 and 35°C. LDL from hypertriglyceridemic patients or preparedin Vitro by the exchange of
very low-density lipoprotein for LDL cholesteryl esters is triglyceride-rich, does not have a thermal transition
above 0°C, and exhibits impaired binding to the LDL receptor on normal human skin fibroblasts.
Cryoelectron microscopy of LDL quick-frozen from 10 (core-frozen) and 40°C (core-melted) revealed
ellipsoidal particles with internal striations and round particles devoid of striations, respectively. Cryoelectron
microscopy of triglyceride-rich LDL preparedin Vitro revealed particles similar to the core-melted
normolipidemic LDL, i.e., round particles without striations. These data suggest that the LDL core in the
liquid crystalline phase is characterized by the appearance of striations, whereas LDL with a core that is
an isotropic liquid lacks striations. It is suggested that freezing the LDL core into a liquid crystalline
phase imposes structural constraints that force LDL from a sphere without partitions to an ellipsoid with
partitions. We further suggest that the striation-defined lamellae are a structural feature of a liquid crystalline
neutral lipid core that is a determinant of normal binding to the LDL receptor and that conversion of the
neutral lipid core of LDL to the isotropic liquid phase via an increase in the temperature or via the addition
of triglyceride partially ablates the receptor binding determinants on the LDL surface. This effect is likely
achieved through changes in the conformation of apo-B-100. These data suggest that the physical state of
the LDL core determines particle shape, surface structure, and metabolic fate.

Plasma concentrations of lipoproteins are risk factors for
cardiovascular disease (1, 2). Hypertriglyceridemia occurs
in several pathological states, including type 2 diabetes
mellitus, where it is associated with other cardiovascular risk
factors. These include low plasma concentrations of high-
density lipoprotein cholesterol, impaired clearance of post-
prandial lipemia (3), insulin resistance (4), increased cho-
lesteryl ester (CE)1 transfer activity (5), and the occurrence
of small, dense low-density lipoprotein (LDL) particles (6-
9). Importantly, the triglyceride (TG) content of LDL from
hypertriglyceridemic patients is much higher than that of
normolipidemic (NL) LDL (9, 10), and the catabolism of
small, dense LDL that is rich in TG is distinct from that of
NL LDL ( 11).

The association of hypertriglyceridemia with altered LDL
composition and catabolism has been linked to differences

in its physical and biological properties. The neutral lipid
composition of LDL is the major physiological determinant
of its structure, thermotropic properties, and binding to the
LDL receptor. LDL from HTG patients is TG-rich, and its
level of binding to its receptor on human skin fibroblasts is
lower than that of NL LDL (7-9). In addition, TG-rich LDL
prepared byin Vitro exchange of its CE for VLDL-TG also
exhibits impaired binding to the LDL receptor. Thus,
impaired LDL binding to its receptor is associated with
increased TG content and attendant structural changes
(7-9). This effect could also be due to TG-dependent
differences in the physical state of the neutral lipid core
(7, 9), which as shown by differential scanning calorimetry
undergoes a thermal transition at temperatures that decrease
as the TG to CE ratio increases (12-17). Impaired uptake
may be due to changes in the core structure or TG-induced
changes in the surface structure (7-9, 18-22) that are
associated with atherogenesis (23). Thus, it is important to
identify differences in hypertriglyceridemic LDL structure
that contribute to impaired binding to the LDL receptor.

The structure of LDL has been studied by a number of
biophysical methods, including compositional analysis (24,
25), X-ray and neutron scattering (14, 26, 27), and electron
microscopy (28-30). These studies formed the basis of a
model of LDL as a sphere of neutral lipids surrounded by a
surface monolayer of proteins and polar lipids. Although
electron microscopy of negatively stained particles is a
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commonly used technique in the study of lipoprotein
morphology (26, 28, 30, 31), it has some drawbacks.
Conventional electron microscopy of negatively stained LDL
particles reveals overall shape and considerable heterogeneity
but does not allow imaging of the core because the stain
does not penetrate the surface monolayer. Cryoelectron
microscopy, on the other hand, provides minimal deformation
of the particles within their natural aqueous environment (32).
Cryoelectron microscopy has been successfully used for
studying LDL structure by a number of groups (33-36).
Image analysis of electron cryomicrographs has produced a
reconstruction of the three-dimensional structure of LDL,
which revealed new features in the structure, a lamellar core
organization (36). Herein, we show that substitution of TG
for CE in LDL is associated with profound structural
changes, which can be viewed by cryoelectron microscopy
and which may modulate its binding to the LDL receptor
and its role in atherogenesis.

EXPERIMENTAL PROCEDURES

LDL was isolated from a single NL donor via flotation at
a density (d) between 1.019 and 1.063 g/mL. VLDL, from
pooled salvaged plasma obtained from The Methodist
Hospital Blood Donor Center (Houston, TX), was isolated
via flotation at plasma density. TG-rich LDL was prepared
by incubating normal LDL with a large excess of VLDL in
the presence of thed > 1.21 g/mL plasma fraction, which
contains CETP activity (9, 10). VLDL (146 mg of TG and
33.4 mg of cholesterol) in 21 mL was combined with 2 mL
of LDL (11.6 mg of cholesterol and 1.5 mg of TG), and the
volume was reduced to 3 mL with a Centriprep concentrator
(Amicon, Beverly, MA). The concentrate was incubated with
3 mL of thed > 1.21 g/mL plasma fraction for 8 h at 37
°C, after which its density was adjusted to 1.019 g/mL by
adding potassium bromide. Following centrifugation for 18
h (Beckman SW40 rotor at 40 000 rpm), VLDL was removed
from the top of the tube by aspiration, by rinsing the upper
portion of the tube with distilled water multiple times. The
bottom fraction containing TG-rich LDL was then transferred
to a test tube and analyzed for TG, CE, free cholesterol (FC),
protein, and phospholipid (PL) as well as its electrophoretic
mobility on agarose gels. An aliquot of the starting sample
of NL LDL was analyzed in the same way.

Lipoprotein compositions were determined on the basis
of analyses of TG, FC, CE, and protein concentrations by
using commercial kits (Wako). NL and TG-rich LDL were
analyzed by agarose gel electrophoresis according to the
manufacturer’s instructions (Helena Laboratories, Beaumont,
TX); lipoprotein mobility was visualized by staining the gels
for cholesterol.

Both NL and TG-rich LDL were stored at 4°C and
plunge-frozen over holes on a holey carbon film for
cryoelectron microscopy in parallel within 3 days of isolation.
The specimens were frozen from 4 to 10°C and imaged in
a JEOL 4000EX cryoelectron microscope at 400 keV as
described previously (36). The specimens were held at-170
°C in a Gatan 626 cryoholder. The microscope had a Gatan
(model 679) 1024× 1024 slow-scan CCD camera attached
directly below the projection chamber and a retractable TV-
rate CCD camera (Gatan, model 673) mounted at a 35 mm
camera port. Low-dose imaging was carried out using

standard techniques described in ref37. Cryogrids were
searched with a TV-rate CCD camera at a dose rate of 5×
10-3 electron Å-2 s-1 in a defocused diffraction mode.
Focusing was done off-axis on an area adjacent to a hole
selected for imaging at the magnification used for image
recording. A 100µm diameter condenser aperture was used
together with a relatively high excitation (spot size 5) of the
first condenser lens, resulting in a measured angular source
size of 0.15 mrad (38). A 50 µm objective lens aperture was
used. We used the user function memory slots of the
microscope’s microprocessor to store and recall settings of
lenses and deflection coils for several operational modes,
including search, focus, and imaging.

Studies in which NL LDL was frozen from different
temperatures were preformed according to the manufacturer’s
instructions using a computer-controlled vitrification robot
(Vitrobot, from Maastricht Instruments Bv, Maastricht, The
Netherlands), which reproducibly freezes specimens while
controlling sample temperature and humidity prior to freez-
ing. The relative humidity within the Vitrobot chamber was
maintained at 80%. Grids (R 2/2, from Quantifoil Micro
Tools, Gmbh) were loaded into the chamber. NL LDL (0.1
mL, 0.13 mg of protein/mL) was incubated in buffer for 30
min following equilibration of the internal chamber of the
Vitrobot at 10, 30, or 40°C. LDL (0.004 mL) was applied
to grids and robotically blotted (1 s on filter paper) and
plunged into liquid ethane cooled with liquid nitrogen. After
being frozen, the grids were transferred to liquid nitrogen
for storage until they were viewed by cryoelectron micros-
copy. The vitrified specimens were transferred to a JEOL
1200 electron microscope operated at 100 kV and equipped
with a liquid nitrogen-cooled specimen holder (Gatan) for
maintaining the specimens in the vitrified state.

Images were collected at a microscope magnification of
40000×. The electron dose used for imaging was 10
electrons/Å2. Kodak SO-163 photographic films used for
imaging were processed for maximum speed and contrast
according to the manufacturer’s instructions in undiluted
Kodak D-19 developer for 12 min at 20°C. The images were
digitized using a SCAI scanner (Zeiss) with a step size
corresponding to 3.5 Å on the specimen scale. LDL images
were selected interactively in the digitized images and
extracted into fields of 120× 120 pixels. One thousand seven
hundred TG-rich LDL particle images were boxed out from
14 micrographs ranging in defocus from 1.5 to 2.2µm.
Defocus values were determined from the positions of
contrast transfer function (CTF) zeroes seen in the incoher-
ently averaged spectra of the images from each micrograph
(39). The data set was processed according to a procedure
described previously (40).

The images were analyzed with IMAGIC-5 software (41).
As the first step in image processing, they were aligned and
similar particles were grouped into classes using multivariate
statistical analysis and classification (42, 43). Images within
a class were averaged to enhance the signal-to-noise ratio.
The class averages varied in size and appearance. The size
appeared to vary incrementally at steps of 30-35 Å.

RESULTS

Low-Density Lipoprotein Composition.Incubation of LDL
and VLDL in the presence of the plasma fraction containing
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CETP altered the lipoprotein composition. The major com-
positional change was in the relative amounts of CE and
TG (Table 1). NL LDL is similar in composition to its
reported (44) consensus values. There were small differences
in the relative amounts of FC, PL, and protein in NL LDL
and TG-rich LDL. In contrast, TG-rich LDL contained more
TG and less CE than NL LDL, so the ratio of TG to CE
was increased from 1:6 to 1:1. The latter ratio corresponds
to a composition range in which the binding of LDL to its
receptor on fibroblasts is impaired and a thermal transition
in the core is not detectable (9).

LDL size was calculated from the partial specific volumes
of each of the components as reported by Tardieu et al. (45)
and their respective molar ratios relative to apolipoprotein
(apo) B-100, which is assumed to have a partial specific
volume of 0.73 mL/g and to occur in LDL at only one copy
per particle. In our calculations, we used the following
molecular weights (molecular volumes): 387 (642 Å3) for
FC, 647 (1133 Å3) for CE, 858 (1586 Å3) for TG, 770 (1253
Å3) for PL, and 550 000 (669 000 Å3) for apo-B-100. The
calculated particle volumes (VP, cubic angstroms) are given
by the equationVP ) 669+ [963(CE)+ 1017(TG)+ 912-
(FC) + 940(PL)]/(apo-B-100), where CE, TG, FC, PL, and
apo-B-100 are concentrations expressed as weight of analyte
per unit volume, typically milligrams per milliliter. The
calculated volumes of the neutral lipid core (VC) were
obtained from the equationVC ) [963(CE) + 1017(TG)]/
(apo-B-100). The corresponding core and particle diameters
are given by the relationshipD ) 2(3V/4π)1/3. The calculated
diameters for NL LDL and TG-rich LDL particles are 186
and 191 Å, respectively; the corresponding diameters of the
neutral lipid core (CE and TG) are 145 and 154 Å,
respectively (Table 1). The calculated dimensions of NL LDL
are similar to those based on the consensus data of Havel
and Kane (44). The calculated diameters for LDL correspond
favorably with the reported dimensions (36) of 250 Å× 205
Å × 180 Å (mean diameter of 212 Å). The difference may
be due in part to contributions of water to the volumes
observed with the frozen hydrated specimens in the cryo-
electron microscope; the dimensions calculated from LDL
composition do not include water.

Low-Density Lipoprotein Electrophoretic Mobility.The
electrophoretic mobilities of NL LDL and TG-rich LDL were
different as well (Figure 1). The peak for NL LDL cholesterol
was symmetrical and exhibited the expectedâ mobility. In
contrast, the peak for TG-rich LDL cholesterol was shifted
toward pre-â mobility and appeared betweenâ and pre-â
mobility, a change that corresponds to a negative charge that
is greater than that of NL LDL.

Cryoelectron Microscopy of Low-Density Lipoproteins.
According to previous studies of the thermotropic properties

of NL LDL, the core is melted at or above 40°C and frozen
at 10°C, with the transition temperature from the core-frozen
to core-melted state appearing between 20 and 35°C (9, 46).
To identify distinct structures that might be associated with
core-frozen and core-melted LDL, image fields of NL LDL
frozen from 10 and 40°C, respectively, were collected. As
shown in Figure 2, the LDL particles have profoundly
different structures at 10 and 40°C. Core-frozen LDL is
characterized by an ellipsoidal morphology containing
numerous striations as previously described by Orlova et al.
(36; Figure 2a). In contrast, most core-melted LDL particles
are round and devoid of striations (Figure 2c). At 30°C, a
mixture of ellipsoidal, striated particles and round, nonstriated
particles was observed (Figure 2b).

A representative cryoelectron microscopy image field
containing TG-rich LDL is shown in Figure 3a. In contrast
to NL LDL, TG-rich LDL was heterogeneous and appeared
largely as round, core-melted particles that were grossly
similar to the structures of NL LDL in Figure 2 and reported
by Orlova et al. (36); a representative image field of the latter
appears as Figure 3b. TG-rich and NL LDL particles had
nearly the same diameters (see also Table 1). Whereas the
NL LDL particles were striated when ellipsoidal and non-
striated when more round, the great majority of TG-rich LDL
particles were nonstriated.

The signal-to-noise ratios of the cryoelectron microscopy
images of individual LDL particles, which were taken under
low-dose conditions, were not suitable for additional analysis.
To improve the signal-to-noise ratio, we averaged similar
particle images by using a multivariate statistical approach
(41). Similar particles were sorted into classes, which were
averaged to obtain better representations of particle views
in different directions while the noise present in the original
images was suppressed. All 1700 boxed-out TG-rich LDL
particles were grouped into 100 classes, with 10-20 particles
per class. Some class average images are shown in Figure
4. The class average TG-rich LDL particles were similar in
size and shape to normal LDL (36) but lacked the striations
that in our previous study characterized NL LDL projections
in some directions. Notably, only two classes of TG-rich
LDL, together comprising 20 particles (<2% of the boxed-

Table 1: Compositions and Diameters of NL LDL, TG-Rich LDL,
and Consensus LDL

composition (% dry mass)a

core lipids surface components diameter (Å)

LDL TG CE FC PL protein TG:CE particle core

NL 5.9 37.1 8.8 22.2 26.0 0.16 186 145
TG-rich 23.8 26.7 7.1 21.6 20.7 0.89 191 154
consensus 6.0 42.0 8.0 22.0 22.0 0.14 198 159

a Consensus composition data from Havel and Kane (44).

FIGURE 1: Results of agarose gel electrophoresis: (a) NL plasma
(from left to right, mobilities areR, pre-â, andâ), (b) NL LDL,
and (c) TG-rich LDL.

14990 Biochemistry, Vol. 42, No. 50, 2003 Sherman et al.



out TG-rich LDL particles), contained particles with stria-
tions; the remainder (∼98%) did not contain striations.

The occurrence of such a small proportion of striated TG-
rich LDL particles likely represents incomplete TG enrich-
ment of all LDL particles. Because the NL and TG-rich LDL
particles prepared in parallel were similar in size and shape,
it is likely that they would be similar in angular distribution.
An absence of striations in TG-rich LDL would suggest an
absence of the lamellar core that characterizes NL LDL.

DISCUSSION

Compared to NL LDL, LDLs from hypertriglyceridemic
patients are smaller, denser, and TG-rich and have a
conformationally distinct apo-B-100 (7-9). Because small,
dense LDL is TG-rich, one might expect its core structure
to differ from that of NL LDL. A model of LDL, developed
from low-angle X-ray and neutron scattering studies, consists
of a neutral lipid core surrounded by a monolayer of protein
and polar lipids (45, 46, 48). The model is consistent with
the very low solubilities of CE and TG and the amphiphilic
character of the PL and protein. The CE-rich core of LDL
undergoes a thermal transition from a liquid crystalline to
an isotropic liquid phase; the transition temperature of LDL
decreases when the TG content of LDL increases (12-17,
49). Pregetter et al. (16) proposed a model of LDL compris-
ing a highly fluid, TG-rich central core surrounded by a CE-
rich shell that undergoes a phase transition. Although that
model accommodates most of our current knowledge of
LDL, it was based on one-dimensional X-ray scattering data.
In contrast, the structure of human NL LDL below its phase
transition, obtained by three-dimensional reconstruction of
electron microscopic images of particles embedded in

FIGURE 2: Electron images (400 keV) of general fields of NL LDL
particles embedded in vitreous ice after rapid freezing from (a) 10,
(b) 30, and (c) 40°C.

FIGURE 3: Electron images (400 keV) of general fields of LDL
particles embedded in vitreous ice: (a) TG-rich LDL and (b) NL
LDL. Both groups of LDL particles are equally heterogeneous and
grossly similar. The bar is 0.2µm. The NL LDL in panel b is the
same LDL preparation used to make TG-rich LDL shown in panel
a.

FIGURE 4: Selected class average images of TG-rich LDL particles.
The preponderance of TG-rich particles did not have striations. At
the same time, the parallel control preparation of normal LDL did
display them. The overall shape and dimensions of TG-rich LDL
are similar to that of normal LDL. Two classes (row 1, column 6,
and row 2, column 3) that exhibited striations and a more ellipsoidal
shape than the remainder of the particles represented less than 2%
of the total number of particles. The boxes are 420 Å on each side.
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vitreous ice, revealed a nonspherical, higher-density outer
shell and a lower-density inner lamella-like core (36).

Previous studies (9, 46) have shown that the physical state
of the core lipids of LDL is a function of composition and
temperature. NL LDL exhibits a broad thermal transition
from a liquid crystalline to an isotropic liquid phase that
peaks between 20 and 35°C; thus, above 40°C nearly all
core lipids are isotropic liquids, and below 10°C, the core
is largely liquid crystalline. Our data show for the first time
that temperature is a profound determinant of LDL core
morphology such that distinct structures are observed above
and below the putative transition temperature for the melting
of LDL core lipids. At 10°C, LDL is core-frozen and has
an ellipsoidal morphology containing striations within the
core. At 40°C, LDL is core-melted and grossly round but
lacks the striations characteristic of core-frozen LDL.

Addition of TG to LDL lowers its transition temperature,
and at very high TG-to-CE ratios, a thermal transition is not
observed above 0°C, the practical lower limit for differential
scanning calorimetry of aqueous samples (9, 46). Thus, TG-
rich LDLs are expected to have an isotropic liquid core at
temperatures above 0°C. In the study presented here, NL
LDL and TG-rich LDL, which were isolated and analyzed
in parallel, differed both macro- and microscopically. They
exhibited different electrophoretic mobilities; the TG-rich
LDL peak was closer to pre-â mobility. Cryoelectron
microscopy shows that on a microscopic scale TG-rich LDL
particles are grossly similar in size to NL LDL but do not
exhibit the striations that Orlova et al. (36) reported for NL
LDL. Moreover, relative to NL LDL, the TG-rich LDL has
a preponderance of particles that are round rather than
ellipsoidal. Thus, the morphology of TG-rich LDL is similar
to that of core-melted NL LDL (Figure 2c).

LDLs are grossly round particles that are heterogeneous
with respect to size, density, and composition (26-30, 33-
35, 50, 51). Our previous study (36) showed that particles
have discrete variations in size and suggested that LDLs can
have discrete structures. Unlike our TG-rich LDL, the NL
LDL always exhibited striations in certain orientations
regardless of the size, suggestive of a distinct core that is
frozen. The TG-rich LDLs used in the current study were
formed from NL LDL in Vitro using CETP and TG-rich
native VLDL particles (10). TG-rich LDLs are similar to
native small, dense LDLs from hypertriglyceridemic patients
with respect to electrophoretic mobility, the physical state
of the core, protein content, and receptor binding (9).
However,in Vitro TG-rich LDL is larger than native, small,
dense LDL because the TGs that replace the CE in the CETP-
mediated exchange reaction have a larger partial specific
volume (Table 1). This difference could explain some
differences between the shapes of particles we observed and
the discoidal particles recently reported for small, dense LDL
(34).

NL LDL has a high affinity for its receptor on normal
human skin fibroblasts (7-9). NL LDLs, frozen from 10
°C, are CE-rich and core-frozen, and exhibit striations in
cryoelectron microscopic images with a preponderance of
ellipsoidal particles (9, 36). When cooled from 40°C, the
LDLs are core-melted and show no striations within nearly
spherical particles (9, 36). In contrast, TG-rich LDL exhibits
impaired binding to LDL receptors on human skin fibroblasts
(7-9). Like core-melted NL LDL, TG-rich LDL, which does

not exhibit a detectable thermal transition (9), exhibits
virtually no striations in its cryoelectron microscopic images
and contains a preponderance of round particles. Our findings
support the hypothesis that the lamellae in the core of NL
LDL originate from liquid crystalline CE. From these data,
we believe that the physical state of LDL as defined by the
lamellar structure is an important determinant of LDL
binding to the LDL receptor. The role of the lamellae in
that binding is probably indirect, because the core is shielded
by the surface monolayer of the PL and protein and is not
likely to be accessible to the LDL receptor. A more likely
scenario is that lipid-lipid and lipid-protein interactions
between the core and surface, which contains apo-B-100 and
polar lipids, alter the surface structure and the recognition
and binding of LDL (7-9). This is consistent with our
previously reported data (9), which showed that apo-B-100
differs in structure between TG-rich LDL and NL LDL.
Studies of other lipoproteins, such asâ-LDL from rabbits
or swine fed an atherogenic diet (15, 22), should reveal
whether the striations within the lipoprotein core are
characteristic of CE-rich lipoproteins.
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