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Abstract Cryoelectron microscopy was used to analyze the 
structure of low density lipoprotein from normolipidemic sub- 
jects (N-LDL) , phospholipid-depleted N-LDL (PD-LDL) , 
small dense LDL from hypertriglyceridemic subjects (SD- 
LDL) , and reconstituted discoidal high density lipoproteins 
(rHDL). In different projections of N-LDL, a high density 
component of the particle was visible as two parallel bands or 
as a single ring. Projections of PD-LDL were very similar to 
those of N-LDL, indicating that the contribution of phospho- 
lipid headgroups to the observed high density structure is mi- 
nor. In preparations of SD-LDL, projections with two high 
density bands or a single high density ring were rare. Instead, 
triangular and diamond-shaped projections were recognized. 
In different projections of discoidal rHDL, a high density 
component was visible as a single band or as a single ring.m 
The present results indicate that cry-electron microscopy re- 
veals the distribution of apolipoproteins within lipoprotein 
particles. Thus, apolipoprotein El00 (apoB) in N-LDL a p  
pears to be organized as a double ring around the particle, 
while apoB in SD-LDL is indicated to have a different confor- 
mation. Cryo-electron micrographs of rHDL are consistent 
with the presence of apolipoprotein A-I on the periphery of 
the lipoprotein disc.-van Antwerpen, R., G.  C. Chen, C. R. 
Pullinger, J. P. Kane, M. LaBelle, R. M. Krauss, C. Luna- 
Chavez, T. M. Forte, and J. C. Gilkey. Cryo-electron micros- 
copy of low density lipoprotein and reconstituted discoidal 
high density lipoprotein: imaging of the apolipoprotein moi- 
ety. J. Lipid Res. 1997. 3 8  659-669. 
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Current models of the human low density serum lipo- 
protein (LDL) describe the particle as an 18-25 nm 
sphere with a hydrophobic core of cholesteryl esters 
and triacylglycerol (1). The surface of the lipoprotein 
is thought to consist of phospholipids, free cholesterol, 
and a single molecule of apolipoprotein B-100 (apoB; 

M, = ca. 550,000) (1). The complete amino acid se- 
quence of apoB has been determined and different do- 
mains, including the LDL receptor binding domain, 
have been identified (2-4). Negative staining electron 
microscopy of lipid extracted LDL (5) and immuno- 
electron microscopy of intact LDL (6,7) have indicated 
that apoB may form a “ribbon-like’’ structure that en- 
circles the lipoprotein particle. O n  the basis of recent 
epitope mapping experiments, Chatterton et  al. (7) 
have suggested that the C-terminal part of apoB in LDL 
may form a ‘‘bow” structure that folds back on part of 
the apolipoprotein molecule. The authors propose that 
an interaction of this bow with specific domains on the 
ribbon may control access to the receptor binding do- 
main of LDL (7). 

Although relatively little is known about the detailed 
secondary and tertiary structure of apoB in LDL, several 
studies have indicated that the apolipoprotein may as- 
sume different conformations in different LDL sub- 
classes. For example, apoB in small dense LDL from 
hypertriglyceridemic subjects (SD-LDL) has a higher 
content of p-structure (8, 9) and an altered proteolytic 
accessibility (8) compared to apoB in LDL from nor- 
molipidemic subjects (N-LDL) . In addition, SD-LDL 
has a decreased affinity for the LDL receptor of human 
fibroblasts (8,9). An aberrant conformation ofapoB in 
SD-LDL may well be responsible for the observed de- 
crease in receptor binding. 

Abbreviations: LDL, low density lipoprotein; N-LDL, LDL from nor- 
molipidemic subjects; PD-LDL, phospholipiddepleted N-LDL; SD- 
LDL, small dense LDL from hypertriglyceridemic subjects; rHDL, re- 
constituted high density lipoprotein. 
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Recently, we have analyzed the structure o f  N-I.Dl, 
using cryo-electron microscopy (20). The results of' this 
study indicate that structural elements of' high mass 
density are organized as a double ring that encircles the 
lipoprotein particle. As apoB is the principal high dcn- 
sity component of LDL, our results suggest that cr)'o- 
electron microscopy visualizes the distribution of this 
apolipoprotein within the LDL particle. This conclu- 
sion is supported by the recent cryo-electron micro- 
scopic analysis of human LDL by Spin and Atkinson 
(1 1). However, phospholipid headgroups constitute an 
additional high density component of LDL ( l ) ,  and 
earlier studies have indicated that phospholipid head- 
groups are depicted with positive contrast in cryo-elec- 
tron micrographs of model membranes (12, 13) .  
Hence, additional studies are needed to deterniine 
whether cryo-electron microscopy indeed visualizes thc 
distribution of apoB in N-LDL. 

I n  the present cryo-electron microscopic study, we 
compared the structural features of N-LDI, and phos- 
pholipid depleted N-LDL (PD-LDL), in order 1.0 esti- 
mate the contribution of phospholipid headgroups to 
the high density structure that is seen in cryo-electron 
micrographs of N-LDL. In addition, we analyzed the 
structure of SD-LDL to determine whether cqo-elec- 
tron microscopy can reveal the conformational diff'er- 
ence that is thought to exist between the apoBs of N- 
LDL and SD-LDL. Finally, we tested the hypothesis that 
cryo-electron microscopy visualizes the apolipoprotrin 
moiety of lipoprotein particles by analyzing recon- 
stituted discoidal high density lipoproteins (rHDL) , 
which are phospholipid bilayers that are stabilized at 
the edge by apolipoprotein A-I (apoA-I) (14, 15). Our 
observations indicate that cryo-electron microscopy in- 
deed reveals the distribution of apolipoproteins in  lipo- 
protein particles, and that the contribution ofphospho- 
lipid headgroups to the observed high density 
structures is relatively minor. The dat-a are consistent 
with the presence of apoA-I on the periphery of the 
rHDI, disc, and confirm earlier indications that apoB 
in N-LDI, is organized as a double ring around the lipo- 
protein particle. Furthermore, the results are consistent 
with the presence of a major conformational difft.re1ic.c 
between the apoBs of N-LDL and SD-LDL. 

MATERIALS AND METHODS 

Materials 

Trolox (~hydroxy-2,5,7,8-tetramethylchroman-Z-car- 
boxylic acid) was obtained from Hoffman La Roche. 
Phosphorus calibrator, aminoethylbenzylsulfonyl fluo- 

ride (AEBSF), and cholesterol were froin Sigma (:hemi- 
cal (:ornpany (St. 120iiis, M O ) .  Phospholipase A, (f'roni 
bec venom) was obtained from Boehringer Mannheini 
(Indianapolis, IN).  Purified phospholipid l-palmitoyl-2- 
linoleoyl-phosphatidylcholine (PLPC) , >99%, prirc, wits 
purchased from Aimti Polar I,ipitls, Inc. (r\lal)astc~r. 
M,). (hpper  electron microscope grids (300 tncsh) 
with lacey substrates werc fr.oni Tcd Pclla, Inc. (Red- 
ding, (A). 

Isolation of N-LDL 

Plasma samples were obtained after overnight fast 
from normal subjects. None of the subjects was ii 

smoker or using drugs known to affect lipid metabo- 
lism. Blood was collected into Vacutainers containing 1 
mg of EDTA per in1 and 10 PM Trolox, a water-soluble 
vitamin E analog, and cells were pelleted by centrifuga- 
tion at 2000 g fbr 30 min at 4°C. LDL. was isolated by 
sequential ultracentrifugation ( 16). LDI, was dialyzed 
into 10 ink3 Tris-HCl (pH 7.5), 150 mM Nafl, I i i i ~  

EDTA, 10 p~ Trolox and stored at 4°C under nitrogen. 

Preparation of PD-LDL 

N-LDL samples were incubated in 25 mM Tris-HCl, 
150 mM NaCl, 0.25% (w/v)  human serum albumin 
(fatty acid-free), 10 miv CaCL, 1 mM AEBSF, and 5 LJ 
of'bee venom phospholipase A2 per pg LDL protein for 
3 h at 37°C. Control samples were incubated in the 
same buffer without enzyme. After incubation LDL was 
re-isolated by ultracentrifugation and the amount of 
phospholipid remaining after phospholipase treatment 
was measured using a standardized colorimetric- 
method (1 7) and a phosphorus calibrator PD-LDL .was 
determined to have ca. 79% less phospholipid than N- 
LDL. PD-LDI, ran more slowly than N-L,DL on agarose 
gels, due to the contribution of phospholipids to the 
net charge of the LDL particle, and SDSPAGE demon- 
strated that the described phospholipase treatment did 
not fragment the apoB molecule (results not shown). 

Isolation of SD-LDL 

SI)-LDL was isolated from the plasma of fasting hy- 
pertriglycerideniic subjects, and was determined to be- 
long to the LDL-4.5 subclass, as described previously 
(8). LDL-4.5 particles are among the smallest and 
densest LDI, particles identified [density interval 
1.052- 1 .058 g/ ml (8) 1 .  

Reconstituted discoidal HDL (rHDL) 

Apolipoprotein A-I (apoA-I) was prepared by the 
guanidine hydrochloride method previously described 
(18). A single band at 28 kDa was observed on S D S  
PAGE. Discoidal complexes were prepared by the so- 
dium-cholate dialysis procedure ( 19) using l-palmitoyl- 
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2-linoleoyl-phosphatidylcholine: cholesterol: apoA-I: Na 
cholate molar ratios of 150: 37.5: 1 :270. The complexes 
were fractionated by gel filtration on Bio-Gel A1.5M 
(Bio-Rad Laboratories) and were maintained in a back- 
ground buffer of 20 mM Tris, 150 mM NaC1, 0.27 mM 
EDTA, pH 7.4. The complex containing 4 apoA-Is per 
particle, as determined by chemical crosslinking with 
dimethylsuberimidate (20), was used for cryo-electron 
microscopy. Upon nondenaturing gradient gel electro- 
phoresis (21) this complex banded at 18.2 nm. 

Protein assay 
Protein concentrations were determined by a modi- 

fication (22) of the method of Lowry et al. using BSA 
as the standard. 

Electron microscopy 
Lipoprotein samples were analyzed by negative stain- 

ing according to Forte and Nordhausen (23). Size mea- 
surements of particles in negatively stained prepara- 
tions were performed on free standing particles with a 
circular profile. Average dimensions, plus and minus 
standard deviation, were calculated from 200 measure- 
ments. Cryo-electron microscopic analysis of the lipo- 
protein samples was performed as described by Van 
Antwerpen and Gilkey (10). Lipoprotein samples were 
stored at 4°C under nitrogen and in the presence of 10 
VM Trolox for no more than a week before ultra-rapid 
freezing of the cryo-EM preparations. Shortly before 
freezing, lipoprotein solutions were diluted to a protein 
concentration of ca. 0.5 mg/ml in 150 mM NaCl, 5 mM 
EDTA, pH 7.0. Subsequently, a 4 ~ 1  lipoprotein sample 
was deposited on a 300-mesh electron microscope grid 
with a lacey substrate. Excess fluid was removed from 
the grid with Whatman No. 1 filter paper until thin 
aqueous films of the sample were formed in the holes 
of the lacey substrate. The sample was then plunge-fro- 
Zen in liquid propane and stored in liquid nitrogen. 
Frozen hydrated samples were analyzed at 120 kV and 
at a temperature of -164"C, using a Philips EM 420 
electron microscope (Philips, Eindhoven, The Nether- 
lands) and a Gatan model 626 cry0 transfer system (Ga- 
tan, Inc., Warrendale, PA). Photographs were taken at 
an instrumental magnification of 29,000 X, and at -2.4 
pm underfocus. For each photographic recording, the 
electron dose was estimated to be ca. 1000 e-.nm-*. 

RESULTS 

Negative staining 

In negatively stained preparations, N-LDL (Fig. 1A) 
and PD-LDL (Fig. 1B) are seen as circular profiles with 

mean diameters of 26.4 f 3.9 nm and 26.6 +- 3.9 nm, 
respectively. The micrographs demonstrate that the ex- 
perimental removal of phospholipids from N-LDL had 
no detectable influence on the size or shape of the lipo- 
protein particles. Negatively stained SD-LDL particles 
have a mean diameter of 18.7 f 0.9 nm (Fig. 1C). The 
observation that N-LDL, PDLDL, and SD-LDL appear 
smaller in frozen hydrated preparations than in nega- 
tively stained preparations (see below) suggests that 
some flattening of the particles may have occurred dur- 
ing negative staining procedures. In Fig. lD, discoidal 
rHDL particles are seen edge-on in typical rouleaux and 
face-on as round profiles. The rHDL particles are ho- 
mogeneous discoidal complexes with a mean diameter 
of 18.8 2 2.2 nm. 

Cryo-electron microscopy 
N-LDL. Figure 2A shows different projections of N- 

LDL in vitreous ice. Both rectangular projections with 
two high density bands and circular projections with a 
high density ring are recognized. (Selected rectangular 
and circular projections of N-LDL are shown in Fig. 
6A.) Rectangular projections are 21.3 C_ 1.5 nm long 
and 12.5 -+ 1.1 nm wide; the circular projections have 
a mean diameter of 21.7 5 1.4 nm. The width of the 
individual high density bands in rectangular projections 
of N-LDL is approximately 5 nm. The present cryoelec- 
tron micrographs of N-LDL are similar to those de- 
scribed earlier (10). As the frozen hydrated samples 
have not been stained, the different projections of N- 
LDL reflect the distribution of structural elements with 
a high mass density within the lipoprotein particle. 

PD-LDL. The structural features of PD-LDL in vitre- 
ous ice (Fig. 2B) are very similar to the features of N- 
LDL (Fig. 2A). This is consistent with the observation 
that, in negatively stained samples, neither the size nor 
the morphology of N-LDL was altered by phospholipase 
treatment (see above). In Fig. 2B, both rectangular pro- 
jections with two high density bands and circular projec- 
tions with a high density ring are recognized. The rect- 
angular projections are 20.3 -t_ 1.4 nm long and 12.5 
2 0.9 nm wide; the circular projections have a mean 
diameter of 19.9 f 1.9 nm. Tilting of the PD-LDL prep  
aration over a total angle of 90" converts circular projec- 
tions with a high density ring to rectangular projections 
with two high density bands and vice versa (Fig. 3, parti- 
cles 1-3). However, rectangular projections of PD-LDL 
that are oriented with their long axis perpendicular to 
the axis of tilt remain rectangular upon tilting (Fig. 3, 
particles 4 and 5). (Selected projections of PD-LDL are 
shown in Fig. 6B; these projections are indistinguish- 
able from those of N-LDL (Fig. 6A), indicating that the 
contribution of phospholipid headgroups to the o b  
served high density structure of N-LDL is minor.) As 
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Fig. 1. 
11111. Scale har in D represents 50 nin. Thc magnification of  A-C is 1Xi.OOOX; (lie niagnifcation of D is 197,000X. 

Negative staining electron micrographs of N-LDI. (A), PD-LDL (R), SD-LDI. (C:), and rHDL (D).  Scale bars in A-C rcpresent 100 

apoB is the only other high density component of N- 
LDL, the different projections of N-LDL and PD-LDL 
are indicated to reveal the distribution of apoB within 
the lipoprotein particle. 

SD-ZBL. Earlier studies have indicated that the con- 
formation of apoR in SD-LDL differs from the confor- 
mation of apoB in N-LDL (8 ,9) .  To determine whether 
this conformational difference can be detected using 
cryoelectron microscopy, we analyzed the structure of 
SD-LDL in vitreous ice. Figure 2C shows a typical cryo- 
electron micrograph of SD-LDL. No rectangular projec- 

tions with hvo high density bands or circular projections 
with a high density ring are detected. Most projections 
of SD-LDL have an irregular shape. However, triangular 
and diamond-shaped projections are recognized fre- 
quently (see Fig. 6C). To determine whether these tri- 
angular and diamond-shaped projections can be o h  
tained from a single particle, we recorded SD-LDL 
particles at +30" and -30" angles relative to the 0" 
plane of the goniometer (Fig. 4). In some cases, this 
tilting does convert triangular projections to diamond- 
shaped projections and vice versa (Fig. 4, particles 3, 5, 
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Fig. 2. A Ciyoelectron micrograph of N-LDL. Random orientation of the lipoproteins in vitreous ice results in different types of projections 
of the N-LDI. particles. Both rectangular projections, with nvo parallel bands of high density (arrows) and circular projections with a ring of 
high density (arrowheads), can he recognized. B: Cryoelectron micrograph of PD-LDL. Projections of PD-LDL in vitreous ice are very siniilar 
to the projections of N-LDL (2A). Both rectangular projections with two high densiy bands (arrows) and circular projections with a high 
density ring (arrowheads) are recognized. C Cryo-electron micrograph of SD-LDL. The typical rectangular and circular projections of N-1.DL 
are not ohsenred. D: Cryo-electron micrograph of rHDL. Both elongated projections with high contrast (arrows) and circular projections with 
low contrast (arrowheads) are recognized. Elliptical projections of rHDL, resulting from intermediate views of the particle, are visible with 
intermediate contrast (asterisks). Dark dots with a halo in B, C, and D are colloidal gold particles included in the preparation as a focusing 
aid. Scale bars represent 50 nm. Magnification 275,000X. 

and 6), suggesting that the observed high density com- 
ponent may have a tetrahedral shape. Within this over- 
all shape, isolated globular domains of high density are 
recognized (Fig. 4B, particles 2, 8, 9, and 10). The dif- 
ferent projections of SD-LDL in vitreous ice have a small 

dimension of 16.8 2 1.6 nm, and a large dimension of 
18.2 2 1.2 nm. 

The absence of rectangular projections with two high 
density bands or circular projections with a high density 
ring, as well as the presence of new triangular and dia- 
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Fig. 3. Cryo-electron micrographs of PD-LDL, taken at +45" (A) and -45" (R) relative to the 0" plane o f  the gonionietcr. A and R are taken 
from the same area of the frozen hydrated preparation. Numbers indicate corresponding particles in the two micrographs. The t i l t  axis rims 
horizontally arross the fignrc. Note how rectangular projections that are oriented with their long axis parallel to the axis o f  tilt arc converted 
to circular projections with a high density ring upon tilting (particles 1, 2, and 3). However, rectangular projertions that are oriented with 
their long axis pcrpentlicnlar t o  the axis of tilt reniain rectangular upon tilting (particles 4 and 5). The tlark c l o t  with the white halo is a 
colloidal gold particle, included i n  the preparation as a focusing aid. Scale bars represent 50  nm. Magnification 275,OOOX. 

i 

' .I' ' 

e- 
I : .  

4 

Fig. 4. Cryo-elcctron micrographs of SD-LDL, taken at +SO" (A) and -30' (R) relative to the 0' plane of  the goniometer. A and B are taken 
from the same area of the frozen hydrated preparation. Numbers indicate corresponding particles in the two micrographs. The tilt  axis runs 
horizontally across the figure. Note how some of the triangular projections of the particlr arc converted to  diamond-shaped projections npon 
tilting and vice versa (particles 3, 5, and 6). Scale bars represent 50 nm. Magnification 275,OOOX. 
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Fig. 5. Crywlcctron micrographs o f  rHDI., taken at + 4 5 O  (A) antl -45” (8) rrlative to the 0’ plane o f  thr  goniometer. A antl B are taken 
from the same area of the frozen hydrated preparation. Nunahcrs indicate corresponding particles in thc two inicrogl;ilhs. The t i l t  axis rains 
IiorizontAlv across the figure. Note how elongated projections that arc oriented with their long axis rotighly ~~ara l l e l  t o  the axis o f  tilt  arc 
converted to circrilar pr+xtions upon tilting and vice versa (particles 13.4. and 5). However, elongated projections t1a;at are oriented with 
their long axis perpendicdar t o  the tilt axis remain elongatcd upon tilting (particles 2 antl 6). Tlirsc ohsenations arc consistent with the 
discoid shape o f  the rHDI. particlrs. The dark dot with thr white halo is a colloitlial gold particle, inclutletl i n  thr ~ ~ r q x i ~ x t i o n  a s  ;a focusing 
aid. Scale hars represent 50 nin. Magnification 275,OOOX 

mond-shaped projections in preparations of SD-LDL, 
demonstrate that the high density structure in SD- 
LDL differs from the high density structure in N-LDL. 
This difference correlates with the putative conforma- 
tional difference between the apoBs of SD-LDL and 
N-LDL (8, 9), and is consistent with the assertion that 
the observed high density structure represents apoB. 

rHDL To further test the hypothesis that cryoelec- 
tron microscopy visualizes the distribution of apolipo- 
proteins, we analyzed rHDL particles, which are known 
to be phospholipid bilayer discs that are stabilized at 
the edge by apoA-1 (14, 15). Different types of projec- 
tions of rHDL in vitreous ice are seen in Fig. 2D. The 
dimensions of these projections correspond with the di- 
mensions of rHDL in negatively stained preparations 
(Fig. lD),  however, the characteristic rouleaux that are 
formed in negatively stained rHDL preparations are not 
seen in the frozen hydrated samples. 

Edge-on views of discoidal rHDL particles produce 
“elongated” projections that are 18.8 ? 3.5 nm long 
and 5.1 ? 0.1 nm wide (Fig. 2D, Fig. 5 and Fig. 6D). 
N o  structural features of the elongated projections cor- 
respond to either the dimensions or the presumed loca- 
tion of the phospholipid headgroups in rHDL [i.e., no 
parallel lines of high density separated by a more trans 
lucent space (cf. 12, 13) are observed]. Instead, the 
edge-on projections of rHDL consist of a single band 

of high density (Figs. 5 and 6D). The position of this 
high density band correlates with the putative location 
of the apoA-I molecules at the edge of the discoidal 
phospholipid bilayer (14, 15). Tilting of rHDL over an 
angle of 90’ converts the elongated projections to circu- 
lar projections and vice versa (Fig. 5). This is consistent 
with the discoidal shape of the complexes. The circular 
projections of rHDL have very low contrast (Figs. 2D, 
5, and 6D) and are sometimes difficult to detect (Fig. 
5, particles 1 and 3). However, a faint ring of elevated 
density around their periphery can frequently be o h  
served (Fig. 5A, particles 4 and 5). The location of this 
ringstructure correlates with the putative location of 
apoA-I molecules at the edge of the rHDL disc (14, 15). 

DISCUSSION 

Cryo-electron microscopy permits the structural anal- 
ysis of supra-molecular complexes in a fully hydrated 
state, without any form of chemical fixation or staining 
(24, 25). The technique is, therefore, thought to visual- 
ize biological samples very close to their native state. 
To date, many different molecular structures, including 
viruses (26-28), membrane proteins (29), and multi- 
subunit enzyme complexes (SO, 31) have been analyzed. 
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C - D 
Fig. 6. Selected projections of N-LDL (A), PD-LDL (B), SDLDL (C) and rHDL (D) in vitreous ice. A Rectangular projections with two high 
density bands (top row) and circular projections with a high density ring (bottom row) of N-LDL. R: Rectangular projections with h v o  high 
density bands (top row) and circular projections with a high density ring (bottom row) of PDLDL. C Triangular and diamond-shaped projrc- 
tions of SDLDL. D: Elongated projections (top row) and circular projections (bottom row) of rHDL. Scale bars represent 25 nm. Magnification 
375,OOOX. 

Particularly noteworthy are recent studies on the struc- 
ture of the E.whPnrhin coli ribosome, in which cryoelec- 
tron microscopy has revealed the threedimensional or- 
ganization of high density ribosomal RNA relative to the 
lower density protein component of the particle (32, 
33). 

The contrast in a cryoelectron microscopic image 
correlates with differences in mass density within the 
microscopic preparation (34). Thus, a structural ele- 
ment with the same mass density as the solvent in which 
it is frozen will provide no contrast and will in effect be 
invisible in a cryoelectron micrograph of the prepara- 
tion. However, when a structural element has a lower 
or higher mass density than the solvent, the element 
may be visible with negative or positive contrast, respec- 
tively. We can, therefore, predict that in cryoelectron 
micrographs of lipoprotein particles (frozen in physio- 
logical saline) the only elements with positive contrast 
may be apolipoproteins and phospholipid headgroups. 

Recently, we have analyzed the structure of human 
LDL using cryoelectron microscopy (10). In this study, 
we have described typical projections of the lipoprotein 
particle that were either rectangular with two high den- 
sity bands or  circular with a high density ring. Tilting 
experiments demonstrated that the two types of projec- 
tions can be obtained from a single particle, indicating 
that the observed high density component of LDL is 

organized as a double ring around the low density core 
of the particle. As apoB is the principal high density 
component of LDL ( l ) ,  these data suggested that cryo- 
electron microscopy may visualize the distribution of 
apoB in LDL (10). 

The present analysis of phospholipiddepleted N- 
LDL (PD-LDL) support.. this suggestion. Although PD- 
LDL contains ca. 79% less phospholipid than N-LDL, 
different projections of PD-LDL in vitreous ice are virtu- 
ally identical to those of N-LDL (Figs. 2A,B and 6A,B). 
Both rectangular projections with two high density 
bands and circular projections with a high density ring 
are recognized in PD-LDL preparations. This observa- 
tion demonstrates that the contribution of high density 
phospholipid headgroups to the observed structure is 
minor. In addition, the results suggest that the overall 
distribution of apoB in PD-LDL is similar to the distribu- 
tion of apoB in N-LDL. In other words, apoB of PD- 
LDL, like apoB of N-LDL, appears to be organized as 
a double ring around the core of the lipoprotein parti- 
cle. It should be noted that these observations do  not 
exclude the possibility that the conformation of apoB 
changes upon the removal of phospholipids from N- 
LDL. However, if such a conformational change takes 
place it does not seem to involve a major redistribution 
of apoB in LDL. 

The suggested ring-structure of apoB in N-LDL is 
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consistent with several earlier studies on the structure 
of this lipoprotein. First, the translucent center that is 
visible in circular projections of frozen hydrated N-LDL 
(Figs. 2A and 6A) corresponds to the projected location 
of the low density core of cholesteryl esters and triacyl- 
glycerol (35-39). It has been suggested that apoB is in 
contact with this core, but the molecule is generally 
thought to be excluded from it ( 1 ) .  Furthermore, Phil- 
lips and Schumaker (5) have demonstrated that lipid 
extraction of N-LDL on electron microscope grids 
leaves a ring-shaped remnant that is thought to repre- 
sent apoB. This remnant may well correspond to the 
high density ring-structure that is seen in the present 
study. Finally, the immuno-electron microscopic map- 
ping of apoB epitopes on the surface of N-LDL indicates 
that apoB is organized in a “ribbon-and-bow” around 
the lipoprotein particle (6,7). Although a bow structure 
is not resolved in the present study, the overall organiza- 
tion of high density in cryo-electron micrographs of N- 
LDL is in general agreement with the ribbon-and-bow 
model (7).  

It has recently been suggested that a rectangular a p  
pearance of human LDL in vitreous ice may result from 
deformation (caused by either close packing of the par- 
ticles or by surface tension forces present in the thin 
films of ice before freezing) and/or from oxidation 
( 1  1 ) .  The present data, as well as earlier observations 
( lo) ,  do not support this suggestion. Our results dem- 
onstrate clearly that rectangular projections of N-LDL 
are observed in free-standing particles, excluding the 
possibility that the rectangular appearance of LDL is 
caused by a close packing of the particles. In addition, 
we have shown that rectangular projections are present 
in those areas of the preparation in which the vitreous 
ice is much thicker than the particles’ diameter (10). 
This observation demonstrates that the rectangular ap- 
pearance of LDL is not the result of a flattening by the 
surface tension forces in thin films of ice. Finally, our 
results show that a rectangular projection with two high 
density bands is converted to a circular projection with a 
high density ring when the N-LDL particle is tilted appro- 
priately by 90” (10). The fact that both rectangular and 
circular projections can be obtained from a single parti- 
cle demonstrates that the structural difference between 
rectangular and circular projections does not differenti- 
ate between oxidized and non-oxidized particles. 

The assertion that cryoelectron microscopy visualizes 
the organization of apoB in LDL, is further supported 
by the analysis of SD-LDL. Earlier studies have indicated 
that the conformation of apoB in SD-LDL differs from 
the conformation of apoB in N-LDL. Compared to 
apoB in N-LDL, apoB in SD-LDL has a higher content 
of kstructure (8, 9) and an altered proteolytic accessi- 
bility (8). Furthermore, SD-LDL has a decreased affinity 

for the LDL-receptor of human fibroblasts (8,9), which 
supports the suggestion that the conformation of apoB 
in this particle differs from the conformation of apoB 
in N-LDL. The putative conformational difference be- 
tween the apoBs of N-LDL and SD-LDL correlates with 
the structural observations of the present study. In cryo- 
electron microscopic preparations of SD-LDL, rectan- 
gular projections with two high density bands and circu- 
lar projections with a high density ring (the two typical 
projections of N-LDL) are rare. Instead, triangular and 
diamond-shaped projections of high density are de- 
tected. Frequently, these projections contain isolated 
domains of high density. These observations strongly 
suggest that the observed high density structure reflects 
the organization of apoB in LDL. 

It  should be noted that projections similar to those 
observed in preparations of SD-LDL are seen in prepa- 
rations of N-LDL and PD-LDL. With regard to this ob- 
servation, the following should be considered. When 
the “double-ring structure” seen in N-LDL and PD- 
LDL is not viewed edge-on or face-on but at some inter- 
mediate angle, the projected image may be character- 
ized as “undefined” (lo),  and some of these undefined 
projections resemble projections of SD-LDL. However, 
the typical rectangular projections with two high density 
bands and the circular projections with a high density 
ring are not found at any angle of tilt in the present 
SD-LDL preparations. We can therefore conclude that 
the observed SD-LDL projections do not represent in- 
termediate views of a double ring structure. As it is im- 
possible to prove or disprove that all “undefined” pro- 
jections of N-LDL are indeed intermediate views of a 
double ring structure, it cannot be fully excluded that 
N-LDL and PD-LDL preparations contain a subpopula- 
tion of particles whose structure resembles the structure 

The analysis of discoidal rHDL in vitreous ice further 
confirms the hypothesis that cryo-electron microscopy 
visualizes the distribution of apolipoproteins in lipo- 
protein particles. In view of the above, rHDL is a par- 
ticularly interesting particle, as the organization of 
phospholipids and apolipoproteins within the rHDL 
complex has been established (14, 15). The phospho- 
lipids of the particle form a flat, circular bilayer that is 
stabilized at the edge by apoA-I. The apoA-I molecules 
are thought to fully cover the hydrophobic acyl chains 
at the edge of the disc (14, 15). Hence, in face-on views 
of the particle, the apolipoprotein moiety is projected 
as a ring, while in edge-on views it is projected as a high 
density “band” with dimensions that roughly corre- 
spond to the diameter and the thickness of the phos- 
pholipid bilayer. 

The circular projections of rHDL in vitreous ice have 
very low contrast relative to the background of frozen 

of SD-LDL. 
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saline. Especially, the central areas of circular projec- 
tions (which contain phospholipids and cholesterol, 
but no apolipoproteins) are depicted with low contrast. 
This demonstrates that the phospholipid molecules, a t  
least in this orientation (i.e., with their long axes paral- 
lel to the electron beam) are almost invisible in the c q o -  
electron microscopic image of the rHDL particle. Fre- 
quently, however, circular projections with a ring of  ele- 
vated density around their perimeter can be detected 
(see Fig. 5A, particles 4 and 5). The location of this 
ring-structure correlates with the location 0 1  apoA-I, 
molecules on the periphery of the lipoprotein disc, in- 
dicating that in those particular projections the apoli- 
poprotein moiety of rHDI, is visualized. 

Contrary to the circular projections, the eloiigated 
projections of rHDL have a high contrast relative to the 
background (Figs. 5 and 6D). Within the high density 
band of elongated projections, the two prqjected lines 
of phospholipid headgroups (outlining the “top” and 
the “bottom” of the elongated prqjection) are not re- 
solved. Instead, a solid band of high density is detected, 
and this high density structure correlates with the puta- 
tive location of apoA-I molecules at the edge of‘ the 
phospholipid bilayer. 

The tilting experiment of Fig. 5 demonstrates that the 
contrast of an elongated projection of rHDL is niuch 
higher than the contrast of a circular projection of the 
particle. A possible explanation for this difference in 
contrast may be that, in perfect face-on views of the 
rHDI, disc, the projected ring-structure of  the apolipo- 
protein moiety is only as wide as the diameter of the 
amphipathic a-helixes of apoA-I (14, 15). Hence, the 
ring-structiire may not easily be resolved i n  circular pro- 
jections of the particle. 

Taken together, the present results show that 1) the 
removal of phospholipids from N-LDL has no major in- 
fluence on the contrast of the high density structure 
that is seen in cryo-electron micrographs of the particle, 
indicating that the contribution of phospholipid head- 
groups to the observed structure is minor; 2) the high 
density structures seen in cryo-electron micrographs of 
N-LDL and SD-LDL are different, and this difference 
correlates with the conformational difference that is 
thought to exist between the apoBs of N-LDL and SD- 
LDL; and 3) the distribution of high density in cryo- 
electron micrographs of rHDL correlates with the loca- 
tion of apolipoprotein A-I molecules on the periphery 
of the phospholipid bilayer disc. These observations 
strongly indicate that cryo-electron microscopy visual- 
izes the distribution of apolipoproteins in lipoprotein 
partic1es.m 
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