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Abstract

Earlier cryo-electron microscopic studies have indicated that the normal low-density lipoprotein (N-
LDL) has a discoid shape when its core is in the liquid-crystalline state. In the present study, we
investigated whether the shape of LDL depends on the physical state and/or the lipid composition of
the lipoprotein core. Using a custom-built freezing device, we vitrified N-LDL samples from either
above or below the phase-transition temperature of the core (42°C and 24°C, respectively). Cryo-
electron microscopy revealed no differences between these samples and indicated a discoid shape of
the N-LDL particle. In contrast, triglyceride-enriched LDL (T-LDL) did not have discoid features
and appeared to be quasi-spherical in preparations that were vitrified from either 42°C or 24°C. These
results suggest that the shape of N-LDL is discoid, regardless of the physical state of its core, while
T-LDL is more spherical. Aspects that may influence the shape of LDL are discussed.
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The low-density lipoprotein (LDL) transports cholesterol throughout the human body, and
elevated levels of this lipoprotein in the blood correlate with increased risk of atherosclerosis
and coronary heart disease. LDL is a quasi-spherical particle, that contains a core of mainly
cholesteryl esters and a surface monolayer of phospholipids, free cholesterol, and a single
molecule of apolipoprotein B-100 (apoB; M, ~550,000) (1,2). ApoB is a ligand for the apoB/
E-receptor, allowing for receptor-mediated endocytosis of LDL by cells that express the
receptor (3,4). In addition, apoB binds to proteoglycans in the vascular wall (5,6), which is one
of the critical first steps in atherosclerosis (7,8). Thus, both the normal metabolism of LDL and
the pathogenic properties of the lipoprotein particle depend on the structure of apoB.

Studies have shown that the lipid composition and size of the LDL core influence the
conformation of apoB on the lipoprotein surface. Structural parameters, such as the relative
amount of a-helical and p-sheet structure (9,10), the exposure of lysine amino groups on the
LDL surface (11), the exposure of epitopes on the LDL surface (10-12), the susceptibility of
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apoB to protease digestion (9), and the affinity of apoB for the LDL receptor (9-12,13,14), all
depend on the size of the LDL core. As a result, small dense LDL particles appear to be more
atherogenic than larger and more buoyant LDL (15,16).

Recent experiments have shown that the conformation of apoB on the LDL surface also
depends on the physical state of the LDL core (17,18). The main components of the core,
cholesteryl esters, are normally in a disordered, liquid state at physiological temperature and
in a more ordered, liquid-crystalline state at room temperature (19-25). The temperature at
which the transition between these two states occurs, i.e., the phase-transtion temperature, is
usually around 30°C. However, animal studies have shown that diets with a high content of
cholesterol and saturated fat can change the composition of the LDL core, and as aresult elevate
the phase-transition temperature to 40-45°C (26-28). Temperature-dependent infrared
spectroscopy and circular dichroism studies (17,18) indicate that these diet-induced changes
in the physical state of the core may affect the conformation of apoB on the LDL surface,
which, in turn, may influence the metabolic and pathogenic properties of the lipoprotein
particle.

Recent cryo-electron microscopy (cryo-EM) studies have shown quite unexpectedly that LDL
particles with a liquid-crystalline core may have an oblate ellipsoid or “discoid” shape (29—
34). Low-resolution X-ray crystallography and high-performance gel-filtration
chromatography appear to confirm the discoid nature of the LDL complex (35,36). Based on
these observations, we have recently speculated that the liquid to liquid-crystalline transition
of the LDL core may be associated with a spherical to discoid change in the shape of the
lipoprotein particle, and that this shape change may be responsible for the observed change in
the conformation of apoB on the LDL surface (18,33). A recent cryo-EM study seems to
confirm this suggestion (34), however, high-performance gel-filtration chromatography
indicates that LDL has a discoid shape regardless of the physical state of its core (36).

To address this issue further, we analysed two LDL species with different core properties using
cryo-EM. Our results suggest that the shape of normal LDL is discoid, regardless of the physical
state of its core, and that triglyceride-rich LDL is more spherical.

MATERIALS AND METHODS

LDL Samples

Normal LDL (N-LDL), d =1.019 — 1.064 g/ml, was isolated from the blood of a healthy, non-
smoking, normolipidemic donor, using sequential floatation ultracentrifugation as described
earlier (18). Triglyceride-enriched LDL (T-LDL) was produced by an in vitro lipid transfer
procedure, using N-LDL, Intralipid (Sigma Chemical Company, St. Louis, MO), and
lipoprotein-deficient plasma as a source for cholesteryl ester transfer protein (18). The integrity
of apoB in N-LDL and T-LDL was confirmed using sodium dodecyl sulfate polyacrylamide
gel electrophoresis according to Leammli (37). Protein concentrations were determined with
a modified Lowry assay, using bovine serum albumin as a standard (38). Total cholesterol
concentrations were determined using assay kit 439-17501 from Wako Chemicals (Richmond,
VA). Triglyceride concentrations were determined using assay kit TR22421 from Thermo
Trace (Melbourne, Australia).

Differential Scanning Calorimetry (DSC)

DSC was performed using a Nano Il Differential Scanning Calorimeter (Calorimetry Sciences
Corporation, American Fork, UT). Before analysis, LDL samples were dialyzed into 10 mM
sodium phosphate buffer (pH 7.4). Buffer and LDL samples were degassed under vacuum,

after which 0.6 ml of each was loaded into the reference and sample cells of the calorimeter,
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respectively. LDL samples were analyzed at protein concentrations of 0.75 — 1.5 mg/ml.
Thermograms were recorded over a temperature range of 0-45°C at heating and cooling rates
of 60°C/h . Three sequential up- and down-scans were performed to verify reversibility of the
phase-transition.

Preparation of LDL for cryo-EM

Cryo-EM samples were prepared with a custom-built freezing device as described in Figure
1. Using this device, LDL samples were vitrified either from 24°C or from 42°C. Before loading
into the freezing device, samples were incubated for at least 15 min in a temperature-controlled
waterbath in order to bring the preparations to the desired temperature (either 24°C or 42°C).
Once the samples were loaded into the freezing device, they were equilibrated at the desired
temperature for an additional 5 min before plunge-freezing. These loading procedures assured
that the LDL sample was either at 24°C or at 42°C immediately prior to vitrification.

Vitrification, i.e., freezing at rates that are high enough to prevent the formation of ice crystals,
is commonly achieved when thin cryo-EM samples are plunged into liquid propane or ethane
(29-31,39). Earlier studies have shown that the vitrification process is fast enough to capture
membrane fusion intermediates and characteristic features of lipid phases that exist above the
phase-transition temperature of the system (40-42). The present study, therefore, assumes that
structural features related to the physical state of the LDL core are, likewise, preserved during
vitrification.

Cryo-electron microscopy

N-LDL and T-LDL samples were analyzed under low-dose conditions, at 120 kV and —170°
C, using a JEOL 1200EX electron microscope (JEOL, Ltd., Peabody, MA) and a Gatan model
626 cryo-transfer device (Gatan, Inc., Warendale, PA), as described earlier (29-31). The
following areas of the preparation were exluded from analysis: 1) Areas in which the ice was
too thick for penetration of the electron beam. 2) Areas with cubic or hexagonal ice crystals.
These ice crystals, which prevent proper structural analysis, are easily recognized in electron
diffraction patterns (in the electron microscope) and in the final cryo-EM image (photographic
negative). 3) Areas in which the ice was too thin for random orientation of the LDL particles.
These areas did not appear very often, and can be recognized by a steep gradient of background
ice combined with altered distribution of various projections (43). All other areas of the cryo-
EM preparation were photographed and included in the analysis. At least 500 projections of
each sample were measured. Images were recorded on Kodak 4489 film (Eastman Kodak
Company, Rochester, NY), at a magnification 30,000x. Photographic negatives were digitized
at an optical resolution of 4800 dpi, using a FlexTight Prescision 11 Scanner (Imacon, Inc.,
Redmond, WA). Dimensions of the various LDL projections were determined using the
measuring tool of Adobe Photoshop, software version 5.0 (Adobe Systems, Inc., San Jose, CA.

RESULTS

The influence of the physical state and lipid composition of the LDL core on the overall shape
and substructure of the lipoprotein particle was analyzed with two different LDL species:
normal LDL (N-LDL), with a core phase-transition temperature of ~31°C, and in-vitro-
produced triglyceride-rich LDL (T-LDL) with a core phase-transition temperature of ~15°C
(Fig. 2). The cholesterol and triglyceride content, as well as some of the physical properties of
these two LDL species, are shown in table 1.

N-LDL samples vitrified from 24°C or 42°C

Figure 3A shows a typical N-LDL preparation that was vitrified from 24°C (which is ~7°C
below the phase-transition temperature of the N-LDL core). Various types of projections of
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the LDL structure are observed, including circular projections with a high-density ring, and
rectangular projections with two high-density bands. Earlier studies have shown that these
projections represent face-on and edge-on views of a discoid structure, respectively (29-31).
The projection most indicative of the discoid shape of N-LDL is the rectangular projection,
resulting from an edge-on view of the structure. However, as the lipoprotein particles are free
to rotate in solution immediately prior to vitrification, only a limited number of particles
provides an edge-on view. In N-LDL preparations vitrified from 24°C, 12.8% of all measured
projections was unambiguously rectangular with two high-density bands (Fig. 4). This is in
good agreement with the number of rectangular projections observed in previous studies (29—
31).

Figure 3B shows a typical N-LDL preparation that was vitrified from 42°C (which is ~11°C
above the phase-transition temperature of the N-LDL core). Like in preparations vitrified from
24°C, various types of projections of the LDL structure are observed, including circular
projections with a high-density ring, and rectangular projections with two high-density bands.
The various projections observed in preparations frozen from 42°C were indistinguishable
from those observed in preparations frozen from 24°C. In N-LDL preparations vitrified from
42°C, 10.2% of all measured projections was unambiguously rectangular with two high-density
bands (Fig. 4). This percentage not significantly different from the percentage of rectangular
projections seen in N-LDL preparations frozen from 24°C (Fig. 4), indicating that, like at 24°
C, N-LDL has a discoid shape at 42°C.

T-LDL samples vitrified from 24°C or 42°C

T-LDL samples were vitrified from 24°C and 42°C to further assess whether LDL particles
with a liquid core have discoid features. As the phase-transition temperature of the T-LDL core
is~15°C, T-LDL has a liquid core at both experimental temperatures. Figures 3C and 3D show
typical cryo-EM preparations of T-LDL, vitrified from 24°C and 42°C, respectively. In both
types of T-LDL preparations, very few rectangular projections with two high density bands
were observed. In T-LDL preparations frozen from 24°C, only 0.8% of the measured
projections was rectangular, while in preparations frozen from 42°C, 0.5% of the measured
projections was rectangular (Fig. 4). These observations indicate that T-LDL particles are not
discoid, but instead, have a more sperical shape. The fact that N-LDL with a liquid core,
vitrified from 42°C, has a discoid shape (see above), suggests that the high triglyceride content
of the T-LDL core, not the physical state of the core, is responsible for the quasi-spherical
features of T-LDL (Table 2).

DISCUSSION

Molecular models of LDL generally depict the lipoprotein particle as a sphere. In these models,
the liquid-crystalline LDL core is organized in concentric, spherical layers of cholesteryl esters
(19-25) (Fig. 5A). However, recent cryo-EM studies suggest that LDL has an oblate ellipsoid,
or discoid shape when its core is in the liquid-crystalline state (29-34). This suggestion has
recently been supported by low-resolution X-ray crystallography (35) and high-performance
gel-filtration chromatography (36). New LDL models, therefore, propose that the liquid-
crystalline core is organized in flat layers of cholesteryl esters (32,35,36) (Fig. 5B), which is
consistent with the crystallization of neat cholesteryl esters in flat sheets (44).

The present study was designed to test the hypothesis that the phase-transition of the LDL core
is associated with a spherical-to-discoid change in the shape of the lipoprotein particle. Quite
unextectedly, projections of N-LDL in preparations vitrified from 42°C (i.e., ~11°C above the
phase-transition of the LDL core) (Fig. 3B) are similar those observed in preparations vitrified
from 24°C (i.e., ~7°C below the phase-transition of the LDL core) (Fig. 3A). In addition,

roughly equal numbers of rectangular projections, representing edge-on views of the discoid
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structure (29-31), are observed in preparations vitrified from 42°C or 24°C (Fig. 4). These
results suggest that the N-LDL particle has a discoid shape regardless of the physical state of
its core.

Our present results are in agreement with a recent study by Teerlink et al. (36), who used
compositional analyses in combination with high-performance gel-filtration chromatography
to investigate the shape of LDL. Their results fit a discoid model of LDL better than a spherical
model, both at 24°C, when the core is liquid-crystalline, and at 37°C, when the core is liquid.
Interestingly, however, our results seem to disagree with a recent cryo-EM study by Sherman
et al. (34), suggesting that LDL particles with a liquid core are spherical. The reason for this
discrepancy is not clear. However, we have recently observed that discoid LDL particles may
assume preferred face-on orientations in extremely thin aqueous films, resulting in a
predominance of circular projections on the microscope screen (43). This predominance of
circular projections may create the impression that the LDL particle has a spherical shape,
while, in fact, only face-on orientations of a discoid structure are observed.

The present study shows that triglyceride-rich LDL (T-LDL) does not have discoid features,
indicating that the triglyceride content of the LDL core plays a role in determining the shape
of LDL. Consistent with this suggestion is the cryo-EM observation that triglyceride-rich very-
low-density lipoproteins and intermediate-density lipoproteins (IDLs) are spherical, while IDL
particles with a lower triglyceride content are discoid in preparations that are vitrified from
room temperature (31). In addition, similar to T-LDL in the present study, triglyceride-rich
small dense LDL from hypertriglyceridemic subjects lacks discoid features (30). A possible
explanation for the absence of discoid features in triglyceride-rich lipoprotein particles may
be found in a recent study by Pregetter et al. (45). The authors of this study propose that, below
the phase transition temperature, the core of triglyceride-rich LDL contains two concentric
compartments: a fluid inner-core containing mostly triglycerides, surrounded by a shell of
cholesteryl esters in the liquid-crystalline state. Thus, the presence of a relatively large
triglyceride inner-core may prevent the arrangement of cholesteryl esters in flat layers.

Presently, it can not be excluded that the discoid shape of normal LDL, observed with cryo-
EM (29-34), X-ray crystallography (35), and high-performance gel-filtration chromatography
(36), is generated during isolation or storage of the lipoprotein complex at non-physiological
temperatures, i.e., below the phase-transition of the cholesteryl ester core. These conditions
may irreversibly deform the shape of LDL, which, in the native state, may still be spherical. It
will be important to resolve this issue while attempts are made to reconstruct the three-
dimensional structure of LDL at higher resolution.
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Figure 1.

Custom built freezing device for the vitrification of samples from different temperatures. A
pair of forceps (A), holding an EM grid with a lacey substrate (white arrow), is attached to a
plunger (B). This plunger is connected to tubing that is pressurized with air. Air pressure in
the tubing is adjusted with a control valve (not in the picture), usually set at 20 psi. Release of
the pressure with a control switch (C) forces the plunger and the attached forceps down with
high speed. The environment in the plexiglas box (D) can be warmed by a heating pad in the
back of the box (rectangle, E). Temperature near the EM sample is measured with a
thermocouple (F) that is connected to a thermostat (not in the picture). In the bottom of the
box are two small containers (G) that are filled with water. Filter paper soaked with water is
guided from the water containers to the top of the heating pad to allow efficient distribution of
water vapor throughout the box. The front panel of the box hinges on the left (black arrows)
and can be opened to allow attachment of the forceps to the plunger and application of sample
to the EM grid (white arrow). After application of the sample, the front panel is closed and
the environment is equilibrated at the desired temperature and high humidity. Subsequently,
the bulk of the lipoprotein sample is blotted from the EM grid through a side entrance of the
box (H), using a spatula covered with filter paper. Blotting of the sample results in the formation
of thin films of lipoprotein solution in the holes of the lacey substrate on the EM grid. Upon
formation of the thin films, the preparation is equilibrated at the set temperature for an
additional 5 min. Subsequently, control switch (C) pressurizes the plunger (B), which forces
the attached forceps through the opened shutter into the container of liquid propane (). Propane
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in the central compartment of container (1) is kept in a liquid state by liquid nitrogen, present
in the outer compartment of container (I).
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Figure 2.

DSC of N-LDL and T-LDL. Representative thermograms of N-LDL with a high phase-
transition temperature (T, = 31°C) and T-LDL with a low phase-transition temperature (T,
=12°C) are shown.
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Figure 3.
Cryo-electron micrographs of N-LDL (A, B) and T-LDL (C, D), ultra-rapidly frozen from 24°

C (A, C) and 42°C (B, D). Arrowheads indicate rectangular projections with two high-density
bands, representing edge-on views of the LDL disc (29-31). Magnification 300,000 x.
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Frequency distribution of rectangular projections with two high-density bands in cryo-EM
preparations of N-LDL and T-LDL, vitrified from 24°C or 42°C. The occurrence of rectangular
projections in N-LDL preparations vitrified from 24°C or 42°C is not significantly different
(t-test; P=0.105); “n” refers to the number of separate LDL preparations analyzed using cryo-

EM.
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Highly schematic representations of the liquid-crystalline LDL core (cross-sectional views).
&dcl001; Phospholipids; &dcl002; Cholesteryl esters; &dcl003; Apo B. Free cholesterol and
triacylglycerols have been omitted from the drawings for clarity A: Generalized representation
of earlier models (19-25). In these models, the LDL particle is spherical and the liquid-
crystalline core is organized in concentric shells of cholesteryl esters. B: Generalized
representation of new models (32,35,36), in which the liquid-crystalline core contains flat
layers of cholesteryl esters.
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Table 1

Properties of normal LDL (N-LDL) and triglyceride-rich LDL (T-LDL).

Chol: total cholesterol; TG: triglycerides; Ty,: Midpoint of the phase-transition of the LDL core, determined
using DSC; Size of the lipoprotein particles is indicated as the diameter of circular LDL projections in cryo-EM
preparations frozen from 24°C. Values are the mean of analyses on three different LDL preparations + standard
error. *Separate experiments have shown that the in vitro conversion of N-LDL to T-LDL does not influence the
free cholesterol and total phospholipid contents of the lipoprotein particle: The free cholesterol content of N-
LDL and T-LDL was 0.35 + 0.08 mg/mg protein (n=5) and 0.30 + 0.03 mg/mg protein (n=5), respectively
(P=0.128), while the total phospholipid content of N-LDL and T-LDL was 0.82 £ 0.17 mg/mg protein (n=5) and
0.75 + 0.06 mg/mg protein (n=5), respectively (P=0.379).

*Chol/Protein (w/ TG/Protein (w/w) *Chol/TG(w/w) Ty (°C) Size (nm)

w)
N-LDL 1.34+0.08 0.15+0.05 9.81+2.57 31.1+0.96 19.8+1.85
T-LDL 1.08+£0.19 0.30 £ 0.08 3.81+£0.73 150+ 1.79 185+1.92
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Table 2
Core properties and overall shape of normal LDL (N-LDL) and triglyceride-rich LDL (T-LDL).
Tm: Midpoint of the phase-transition of the LDL core, determined using DSC. Indicated are the physical state of

the LDL core, and the overall shape of the lipoprotein particle, as observed in cryo-electron micrographs.

Ty (°C) Physical State / Shape at 24°C Physical State / Shape at 42°C
N-LDL 31.1+0.96 Liquid Crystalline / Disk Liquid / Disk
T-LDL 15.0+1.79 Liquid / Sphere Liquid / Sphere
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