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Cryo-electron microscopy reveals human low
density lipoprotein substructure
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Abstract In the present study, we have examined the structure
of human low density lipoprotein (LDL) using cryo-electron
microscopy. Human LDL particles were analyzed in a vitrified
frozen-hydrated condition, without chemical fixation or any
form of staining. Hence, the lipoproteins were visualized close
to their native state. Contrary to current spherical models, the
overall shape of human LDL is indicated to be discoidal. The
observed LLDL disks have a diameter of 21.4+1.3 nm and a
height of 12.1+1.1 nm (mean + standard deviation). The aver-
age volume of LDL particles in cryo-electron microscopic prepa-
rations is estimated to be 4352 nm?3. This value corresponds well
with the LDL volume that has been determined by sedimenta-
tion equilibrium studies [4130-4803 nm? Kahlon et al., 1982,
Lipids. 17: 323-330]. Details of LDL ultrastructure, visible as a
result of local differences in mass density, are indicated to reflect
the distribution of protein within the lipoprotein particle. B
Thus, apolipoprotein B-100 (apoB) appears to form two ring-
shaped structures that are organized around the perimeter of the
LDL disk.—Van Antwerpen, R., and J. C. Gilkey. Cryo-
electron microscopy reveals human low density lipoprotein sub-
structure. J. Lipid Res. 1994. 35: 2223-2231.
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Currently, the standard technique to visualize serum
lipoproteins in ‘the electron microscope is the negative
staining technique (1, 2). Many studies have illustrated
the value of this technique in lipoprotein research. For ex-
ample, negative staining has been used to characterize
lipoprotein subclasses (3-6), to verify the integrity of
reconstituted lipoprotein particles (7, 8), to compare
recombinant lipoprotein particles with their native coun-
terparts (9, 10), to demonstrate the conjugation of
lipoproteins with colloidal gold (11, 12), and to map the
binding of specific antibodies on the lipoprotein surface (13).

The simplicity and speed of the negative staining tech-
nique have made it a popular method that has firmly es-
tablished its place in lipoprotein research. Unfortunately,
however, the technique is limited by the fact that it will
only visualize the outlines of lipoprotein particles, leaving
internal structures concealed. An additional disadvantage
is that negative staining can only be used to visualize
lipoprotein particles in a completely dehydrated state.

Considering the plasticity of serum lipoproteins, it is con-
ceivable that complete dehydration changes the native
shape of the particles (1, 2, 14-16).

A second electron microscopic technique that has been
used in the analysis of lipoprotein particles is the freeze-
fracture/freeze-etch technique (1, 17-21). The major ad-
vantage of this technique is that it can be used to examine
the lipoproteins in solution. However, interpretation of
the freeze-etch images of lipoprotein particles has proven
to be complicated (21). In addition, the freeze-
fracture/freeze-etch technique can only visualize the sur-
face of those lipoprotein parts that are exposed during the
fracturing and etching process.

Cryo-electron microscopy (22) may have significant ad-
vantages over conventional electron microscopic tech-
niques in the analysis of serum lipoproteins. Most impor-
tantly, the technique permits the direct analysis of
particles in a vitrified frozen-hydrated state, without
chemical fixation or any form of staining. Thus, biological
samples can be analyzed very close to their native state
{22, 23). Furthermore, application of the technique may
provide information about the internal structure of a
supra-molecular complex. To date, cryo-electron microscopy
has been used in the analysis of many structures including
viruses (23), actin filaments (24), microtubules (25), ribo-
somes (26, 27) and multi-subunit enzyme complexes (28,
29). However, the use of this technique in lipoprotein
research has been limited (30, 31).

In the present study, we have used cryo-electron
microscopy to analyze the ultrastructural properties of
human LDL. Contrary to current spherical models, our
results suggest that the overall shape of the particle is dis-
coidal. In addition, the observed distribution of mass den-
sities within the LDL particle suggests that apoB forms
two ring-shaped structures around the perimeter of the
LDL disk.

Abbreviations: apoB, apolipoprotein B-100; HDL, high density
lipoprotein; LDL, low density lipoprotein; PBS, phosphate-buffered saline.
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MATERIALS AND METHODS

Lipoproteins

Human plasma LDL (1.019 and 1.063 g - ml™!) was iso-
lated by sequential ultracentrifugation (32) from pooled,
freshly drawn blood samples, donated by four normolipi-
demic adults. The isolated LDL was washed once at a
density of 1.063 g- ml™, dialyzed overnight at 4°C against
0.9% NaCl, 0.01% EDTA and stored at 4°C prior to anal-
ysis. Samples were analyzed within 3 days after isolation.

Specimen preparation

LDL concentrations were estimated using a modified
Lowry assay (33). Samples were diluted in phosphate-
buffered saline (PBS; 0.1 M sodium phosphate, 150 mM
NaCl, 0.02% NaNj;, pH 7.0) to a protein concentration
of 100-500 pg/ml before use. Colloidal gold with a di-
ameter of 10 nm, conjugated with goat-anti-rabbit anti-
bodies and stabilized with bovine serum albumin (Amer-
sham, Arlington Heights, IL) was included in the samples
to facilitate focusing in the electron microscope (see be-
low). The final dilution of the gold probe was 1;10, which
resulted in a slightly pink coloration of the lipoprotein so-
lution. The subsequent specimen preparation was per-
formed essentially according to the “perforated film
method” described by Adrian et al. (23). A 4-ul LDL sam-
ple was applied to a 300-mesh copper grid with a lacey
substrate composed of carbon-coated Formvar (Ted Pella
Inc., Redding, CA). The grid was held with forceps dur-
ing application of the LDL sample. Subsequently, most of
the sample was blotted off the grid through the pores of
the lacey substrate. This was done by gently moving the
grid horizontally across pre-moistened Whatman no. 1
filter paper (Whatman International Ltd., Maidstone,
UK). (The filter paper was moistened with the buffer used
to prepare the lipoprotein solution, i.e., PBS.). The blot-
ting process was monitored under a dissection microscope
until bulk fluid was no longer present on either side of the
grid. A thin film of sample then spanned the holes of the
lacey substrate. Immediately after formation of this film,
the sample was plunge-frozen from room-temperature
into liquid propane. Plunge-freezing was performed
manually by holding the grid with forceps while plunging
it “edge first” into a container of liquid propane; this con-
tainer (3 cm in diameter by 2 cm in height) was cooled wi-
thin a larger container of liquid nitrogen. Frozen samples
were transferred to a separate container of liquid nitrogen
and stored until use.

The preparation of a thin film of sample in the pores
of the lacey substrate is intended to result in the formation
of a layer of lipoprotein suspension in which no or very
few particles are superimposed. As an alternative to the
use of grids with a lacey substrate, 300-mesh copper grids
without the lacey substrate were used [see the “bare grid
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method” described by Adrian et al. (23)]. These grids
generally allowed for the formation of larger and thinner
films of sample. However, these films broke more easily in
the electron beam, and thermal movement or “drift” of the
sample complicated photographic recording of the image.

Cryo-electron microscopy

Samples were analyzed using a Gatan model 626 cryo-
stage (Gatan Inc., Warrendale, PA) and a Philips EM 420
electron microscope (Philips, Eindhoven, The Nether-
lands), equipped with a plate camera holding 36
8.3 x 10.2 cm films. The cryo-stage was pre-cooled with
liquid nitrogen to ~180°C before insertion of the grid in
the sample holder. Analysis of the sample in the electron
microscope was performed at 120 kV and at a tempera-
ture of —164°C to -166°C. To allow recording of tilt ser-
ies, the lens program of the electron microscope was set
for stereo mode. The quality of the vitrified sample, i.e.,
the absence of hexagonal and/or cubic ice crystals in the
preparation, was checked by electron diffraction. Initial
screening of the preparation and the selection of holes
containing thin films of ice was performed at low
magnification (8,200x) and at minimum intensity of the
electron beam. Subsequently, the electron microscope was
set at an instrumental magnification of 18,500x or
29,000 x, after which the image was focused on the edge
of a hole, or on colloidal gold particles away from the area
of interest. At this stage, it was checked whether or not the
preparation was moving or “drifting” When drifting oc-
curred, the electron beam was deflected, after which the
preparation was re-checked for drifting at regular time in-
tervals. Final focusing was performed, at minimum inten-
sity of the electron beam, on the colloidal gold particles
that were present in the actual area of interest. We have
found that this final adjustment increases the accuracy of
focusing procedures. During the recording of a tilt series,
the gold particles were used to repeatedly identify the pre-
cise area of interest and to re-focus after each tilting
maneuver. The photographic film (Kodak electron micro-
scope film, Estar thick base, No. 4489 [Eastman Kodak
Company, Rochester, NY]) was exposed at an instrument
emulsion setting for 80 kV (ie., the film was underex-
posed) and was overdeveloped for 12 min at 20°C in D-19
developer (Eastman Kodak Company) to increase con-
trast. The total electron dose per image was estimated to
be 1000 ¢” - nm™2.

Measurements and calculations

Magnifications of the electron microscope were
calibrated using a standard grating pattern. Photographic
negatives of vitrified frozen-hydrated LDL particles were
printed on Polycontrast III RC F M paper (Eastman Ko-
dak Company) at a final magnification of 96,000 x.
Measurements of lipoprotein dimensions were performed
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on these prints, using a loupe-style magnifying glass con-
taining a measuring scale with 0.I-mm divisions (Ted
Pella Inc.). The dimensions of at least 50 projections were
measured, after which the average of the obtained values,
plus or minus the standard deviation, was calculated.

RESULTS

Unstained, vitrified frozen-hydrated samples of human
LDL possess very little amplitude contrast when viewed
in the electron microscope. At focus, the particles cannot
be discerned on the viewing screen of the microscope at
all. At more than 10 um underfocus, phase contrast makes
the particles visible to the eye, but at these settings resolu-
tion is very poor. Because it is not always easy to focus ac-
curately on the edge of a hole in the lacey substrate, the
inclusion of colloidal gold particles as an amplitude object
in the samples facilitates focusing procedures (see
Materials and Methods).

As LDL particles are randomly oriented in solution,
many different projections of the lipoprotein can be ob-
served in cryo-electron micrographs of vitrified frozen-
hydrated LDL'samples (Fig. 1). These projections can be
classified in at least three different groups, based on their
overall shape and substructural detail (Fig. 2). Group I is
formed by circular projections that possess a ring of rela-
tively high density around their perimeter. The average
diameter of these projections is 21.3 + 1.3 nm. Group II
consists of rectangular projections (21.4 + 1.9 nm x
12.1 + 1.1 nm); two bands of relatively high density, sepa-
rated by a more translucent space, are observed to run
parallel to the long axis of this projection. Group III con-
tains roughly circular to oval-shaped projections
(22.7 + 1.6 nm x 15.6 + 2.2 nm) that reveal less struc-
tural detail than the projections of groups I and II. Occa-
sionally, the various LDL projections suggest the presence
of bead-like substructures (Fig. 2). As this type of sub-
structure is only observed at relatively high underfocus
settings, the significance of this observation should be in-
terpreted with caution (22, 23). However, the high density
circle of group I projections and the two high density
bands of group II projections are detectable at all under-
focus settings, indicating that these structures are real and
not underfocus artifacts.

To determine whether the projections of groups I-III
represent different LDL subclasses, or alternatively,
whether the different projections are related, we recorded
images of frozen-hydrated LDL particles at tilt angles
varying from -45° to +45° relative to the 0° plane of the
goniometer (Fig. 3). The images from these tilt series
clearly demonstrate that the three different types of
projections can be obtained from a single LDL particle.
It is shown that rectangular projections of which the long
axis runs parallel to the axis of tilt (Fig. 3a, numbers 1-3)

Fig. 1.  Electron micrograph of vitrified frozen-hydrated human LDL.
The various projections of the LDL particle can be classified in at least
three groups, as shown in Fig. 2. The arrow indicates one of the colloidal
gold particles (diameter ca. 10 nm) that were included in the preparation
as a focusing aid. The image was recorded at an instrumental magnifica-
tion of 18,500x and at 2.4 um underfocus. Final magnification
190,000 x..

are converted to circular projections when tilted 90°. In
contrast, rectangular projections of which the long axis
runs perpendicular to the axis of tilt (Fig. 3a, number 4)
remain rectangular when tilted 90°. Circular projections
(Fig. 3a, numbers 5 and 6) are converted to rectangular
projections when tilted 90°. The changes in shape of the
projections at different tilt angles indicate that the overall
shape of the observed LDL structure is discoidal: face
views of the disk generate circular projections (group I),
while side views generate rectangular projections (group
IT). Group III projections represent orientations of the
particle at intermediate tilt angles. The average volume of
the discoidal structure, calculated from the average
dimensions of the LDL projections and assuming that the
observed structure is cylindrical, is 4352 nm?.

In addition to revealing the overall shape of the ob-
served LDL structure, the tilt recordings of Fig. 3 demon-
strate that the ring of relatively high density in circular
projections corresponds to the two longitudinal bands in
the rectangular projections. Thus, both the “top” and the
“bottom” of the discoidal structure appear to contain high
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density material, organized around the perimeter of the
particle. In group III projections, the circular arrays of
high density material are projected in such a way that less
structural detail is visible.

DISCUSSION

To interpret the cryo-electron microscopic images of the
present study, some fundamental aspects of image forma-
tion should be considered. Most importantly, it should be
noted that the mass density of a structural element is in-
versely correlated with the optical density of that element
in the cryo-electron micrograph (i.e., the photographic
negative) (22, 23). Consequently, the contribution of
different LDL components to the observed contrast can

2226 Journal of Lipid Research Volume 35, 1994

Fig. 2. Circular (group I), rectangular (group II), and oval-shaped
projections (group III) of vitrified frozen-hydrated human LDL. Each
horizontal row of four images highlights a single lipoprotein particle at
four different underfocus settings. The images of columns A-D were
recorded at an instrumental magnification of 18,500x and at 0.8, 1.6,
2.4 and 3.2 pm underfocus, respectively. Arrowheads indicate bead-like
substructures. At certain underfocus settings, the center of a circular
projection may display a region of elevated contrast (images marked with
asterisks), but the detection of such a region is not consistent throughout
the underfocus series; the significance of this observation remains to be
established. Final magnification 190,000 x.

be inferred from the mass densities of these components
(see Table 1). For example, a comparison of mass densi-
ties shows that apoB will be depicted with a lower optical
density in the photographic negative than the PBS that
surrounds the lipoprotein particles. Similarly, it can be
deduced that domains of cholesteryl esters and triacyl-
glycerols will be represented with a higher optical density
than the background buffer, and that the contrast between
domains of pure cholesterol and the background may not
be detectable at all. As the different structural elements of
the LDL particle are projected in the two-dimensional
plane of the micrograph, domains with different mass
densities may become “superimposed” during image for-
mation, which will create an average optical density in the
final micrograph. Thus, the optical density created by
phospholipid molecules will depend on the orientation of
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Fig. 3. Images of vitrified frozen-hydrated human LDL, recorded at goniometer tilt angles of —45? (a), 0° (b), and '+45° (c). Numbered arrowheads
indicate corresponding particles in each of the three views. The axis of tilt runs in a horizontal line from le.ﬁ to right across the figure. Note 'that
the projected distance that a particle “moves away” from a second particle (upon tilting) will depend on the distance th.al separates th? two particles
vertically (in depth). Images were recorded at an instrumental magnification of 29,000x and at 3.2 pm underfocus. Final magnification 275,000x.

these molecules relative to the electron beam. If the beam
runs perpendicular to the plane of a phospholipid
monolayer, this monolayer will not be visible against a
background of PBS, as the overall mass density of phos-
pholipids is identical to the mass density of PBS.
However, if the electron beam runs parallel to the plane
of a phospholipid monolayer, the dense phospholipid
headgroups may become visible. In conclusion, it can be
stated that the observed contrast in the present images of
unstained LDL is determined by /) the mass densities of
the different LDL components, 2) the distribution of these
components in the LDL particle, 3) the orientation of the
particle relative to the electron beam, 4) the mass density
of the medium that surrounds the lipoprotein particles,
and 5) the total thickness of the preparation.

Although cryo-electron microscopy is generally thought
to visualize supra-molecular structures very close to the
native state (22, 23), the possible introduction of artifacts
during the preparation process deserves attention. One

TABLE 1. Mass densities of human LDL components

Component of Effective
Human LDL % (wiw)* Mass Density’ Mass Density”
ge ml!
Protein 20.8 1.32° 0.30
Phospholipid 21.6 1.02° 0.00
Cholesterol 10.6 1.03° 0.01
Cholesteryl ester 42.4 0.96° -0.06
Triglyceride 4.6 0.92° -0.10

The effective mass density of each LDL component is the actual mass
density of that component minus the mass density of the buffer, i.e., 1.02
geml™.

“From Miiller et al. (34).

"*Values are mass densities at 20°C.

‘Density of hydrated protein.

source of artifacts may be the high surface tension forces
that are present at the air-water interface on both sides of
the thin film before plunge-freezing (22). These forces
may orient the particles in a preferred position if the film
becomes thin enough and, more importantly, they may
flatten a spherical lipoprotein into a discoidal structure.
The exact thickness of the ice in our preparations is
unknown. However, our results at 0° tilt show that in rela-
tively thin areas many LDL particles can be seen “edge
on” (rectangular projections, group II). As tilt series
demonstrate that the rectangular projections represent
side views of a discoidal structure with an average di-
ameter of 21.4 nm, it is indicated that the ice in those
areas is at least 21.4 nm thick. [A typical thickness of the
ice in this type of preparations is 100 nm (22).] From the
optical density of the background in other areas it can be
concluded that much thicker ice is also present in the sam-
ple. LDL particles in these thicker areas have the same
morphology as the particles in relatively thin areas. These
observations indicate that the thickness of the ice in our
preparations has influenced neither the orientation nor
the morphology of the particles analyzed, and exclude the
possibility that surface tension forces have flattened the
LDL particles.

A second type of possible artifact may be introduced by
the change in temperature during ultra-rapid freezing of
the lipoprotein particles. Illustrative of the possible effect
of temperature on the overall structure of LDL is the
phase transition of the LDL core, from a liquid state at
ca. 40°C to a smectic liquid crystalline state at ca. 20°C
(34-38). Thus, temperature conditions may also have an
effect on the structure of the LDL particle as it is observed
in our cryo-electron microscopic preparations. In the
present study, LDL particles were plunge-frozen from
room temperature, hence the cholesteryl ester core may

Van Antwerpen and Gilkey Cryo-electron microscopy of human LDL 2227

2T0Z ‘8T aune uo ‘1sanb Aq Bio 1) mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

have been in a smectic liquid crystalline state before freez-
ing (34-38). Whether the condition of the lipid core and
the distribution of other lipid components within the LDL
particle at room temperature are preserved during ultra-
rapid freezing is unknown. However, electron diffraction
demonstrates that our LDL preparations are preserved in
a vitrified condition, indicating that the cooling rate dur-
ing plunge-freezing was around 10%° C . 57! and that fixa-
tion of structure occurred within 107 s (22, 39). Cryo-
electron microscopic studies with phospholipid model
membranes have demonstrated that this cooling rate is
fast enough to preserve characteristic lipid phases when
preparations are plunge-frozen from above phase transi-
tion temperatures (40, 41). These observations suggest
that the organization of lipids in our frozen-hydrated
LDL preparations is likely to be preserved close to the or-
ganization at room temperature.

The series of tilted LDL images of the present study
strongly indicate that the overall shape of the observed
structure is discoidal (Fig. 3). Considering the role of
mass density in image formation, it seems likely that some
of the lipid components of LDL are not visible in the elec-
tron micrographs. Hence, the human LDL particle could
have an overall shape that differs from the observed LDL
structure. However, the estimated average volume of the
observed structure (4352 nm3) is in excellent agreement
with the total volume of LDL that has been determined
in sedimentation equilibrium studies (i.e., 4130-4803 nm?)
(42). This indicates that all components of the LDL parti-
cle are contained within the structure that is observed in
our cryo-electron micrographs. Considering the above, we
conclude that human LDL may well be a discoidal parti-
cle with an average diameter of 21.4 + 1.9 nm and an
average height of 12.1 + 1.1 nm. It should be noted that
the observed LDL disk is much “thicker” than nascent
high density lipoprotein (HDL) disks (4, 3): while the
central part of a nascent HDL disk is basically a phos-
pholipid bilayer, the discoirdal LDL structure is thick
enough to accommodate a cholesteryl ester/triacylglycerol
core.

It should be noted that not all particle projections in
frozen-hydrated LDL preparations show the conversion of
circular to rectangular, or vice versa, upon tilting. This is
not surprising, considering the fact that the particles are
oriented randomly relative to the electron beam; many
orientations of a discoidal particle will reveal neither a cir-
cular (group I) nor a rectangular (group II) projection at
any of the three tilt angles used. In fact, many of the non-
rectangular and non-circular projections resemble the “in-
termediate” projections that are identified as such in the
tilt series. Although the observed projections, and the way
these projections change shape upon tilting, strongly sug-
gest a discoidal shape of the observed LDL structure, it
cannot be excluded that some particles in the preparation
possess a non-discoidal organization.

2228 Journal of Lipid Research Volume 35, 1994

The inverse correlation between the mass density of a
structure and its optical density in a cryo-electron micro-
graph may provide a basis for the visualization of
apolipoproteins within a lipoprotein particle. In the
present case of human LDL, several considerations indi-
cate that the high density circle in group I projections and
the two high density bands in group II projections cor-
respond to apoB. 7) As apoB has a substantially higher
mass density than any of the other constituents of LDL,
the protein will create the lowest optical density in photo-
graphic negatives of unstained LDL (i.e., the highest den-
sity in the final prints). 2) The bead-like features of the
high density structure may represent globular domains.
This type of structural arrangement is in agreement with
the suggested organization of apoB in distinct domains
(13, 43, 44). 3) There is general agreement that the core
of LDL contains cholesteryl esters and triacylglycerols
(34-38). This concurs with the fact that group I projec-
tions (see Fig. 2) reveal the presence of a relatively trans-
lucent LDL center. 4) It has been shown that the buoyant
density and size of nascent LDL particles depends on the
length of the apoB molecule (10, 45). This is understanda-
ble if apoB defines the circumference of the LDL particle.
5) It has recently been demonstrated that the protein moi-
ety of LDL, after cross-linking and subsequent extraction
of lipid, has a circular conformation (13, 46). This is in ex-
cellent agreement with the circular organization of high
density structures in our cryo-electron micrographs.

It should be noted that phospholipid head groups may
contribute to the high density structures that are observed
in our cryo-electron micrographs. Specifically, if a phos-
pholipid monolayer is present on both the top and the bot-
tom of the discoidal structure, the head groups may con-
tribute to the high density bands that are observed in the
rectangular projections. The width of these bands,
however, seems to exclude the possibility that their density
is generated by phospholipid head groups only. Hence,
the density distribution in rectangular (group II) projec-
tions of the LDL particle strongly suggests that apoB is
associated with both the top and the bottom of the discoi-
dal structure.

Based on the above, it is indicated that apoB forms two
ring-shaped structures that are organized around the
perimeter of the LDL disk: one ring associated with the
top of the disk, the other ring associated with the bottom.
In addition, the possible presence of globular domains wi-
thin the apoB molecule is indicated. This organization of
apoB would be in agreement both with the circular or-
ganization of delipidated apoB (13, 46) and with the map-
ping of antibody binding sites on the LDL surface (13).
The mapping studies, as reported by Chatterton et al.
(13), indicate that apoB wraps around the particle for at
least 72% of a full turn. Based on the epitope map and
on the restricted movement of epitope domains relative to
each other, the authors have suggested that “apoB is prob-
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ably composed of a chain of domains connected by flexi-
ble chain” Thus, it seems possible that the flexible parts
of apoB connect more compact domains on either side of
the LDL disk. ApoB has been demonstrated to possess
distinct protease-accessible and protease-inaccessible do-
mains (43, 44) and one of these domains has been demon-
strated to contain the binding site that interacts with the
LDL receptor (44). Interestingly, both the recognition of
this receptor binding site by a specific monoclonal anti-
body as well as the receptor-lipoprotein interaction itself
are abolished by a decrease in size of the human LDL
particle (47). This indicates that the conformation of
apoB domains changes, depending on the size of the
lipoprotein particle. Using cryo-electron microscopy in
future studies, it may be possible to visualize major con-
formational changes within apoB and to map the receptor
binding site, as well as other epitopes, in situ on the apoB
molecule.

The present cryo-electron microscopic images of hu-
man LDL are very different from images of LDL in nega-
tively stained preparations (1, 2, 6, 13). The main reason
for this is that the cryo-electron micrographs reveal inter-
nal structures of the LDL particle, whereas images of
negatively stained LDL show only the lipoprotein’s out-
lines. In addition to the differences in substructural detail,
a discoidal shape of normal LDL particles as observed in
our cryo-electron micrographs is not immediately obvious
in negatively stained preparations. This may have two
reasons. First, negative staining procedures require the
adsorption of lipoproteins to a solid substrate; if discoidal
LDL particles are adsorbed in a preferred position, ie.,
lying flat on the supporting substrate, detection of a dis-
coidal shape may not be possible. Instead, it will be
tempting to conclude from the circular views of the disk
that the particles are quasi-spherical. Second, negative
staining procedures require complete dehydration of the
lipoprotein particles in the presence of heavy metal salts.
Considering the plasticity of LDL, both adsorption and
complete dehydration may deform the lipoprotein parti-
cles (1, 2, 13-16). Because adsorption and dehydration are
avoided in cryo-electron microscopy, the images of the
present study are more likely to reflect the native state of
human LDL.

While freeze-etch electron microscopy provides infor-
mation about the surface features of LDL, cryo-electron
microscopy visualizes both internal and surface struc-
tures. Thus, the two techniques may complement each
other in giving a total picture of human LDL in a vitrified
frozen-hydrated state. It seems possible that the “knobby”
appearance of the LDL surface in freeze-etch prepara-
tions (18, 19, 21) corresponds with the globular domains
that are observed in our cryo-electron micrographs; if
these globular domains protrude from the lipoprotein’s
surface they may be detectable in replicas of the freeze-
etched samples. However, in the present study, there are

no indications of a tetrahedral organization of globular
domains. Hence, our results appear to be in disagreement
with the tetrahedral model of LDL structure, as described
by Aggerbeck et al. (18, 19, 37).

The present study demonstrates that cryo-electron
microscopy may be a valuable new technique in the analy-
sis of serum lipoprotein structure. A major advantage of
the technique is that it permits the direct visualization of
lipoprotein particles close to their native state. Moreover,
it is indicated that cryo-electron microscopy may visualize
the distribution of apolipoproteins within a lipoprotein
particle. To date, this type of structural information can-
not be obtained by any other means. The present data
should, therefore, stimulate comparative cryo-electron
microscopic studies, the results of which may help to im-
prove our understanding of the structural principles that
govern human lipoprotein metabolism. &
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