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Abstract In the present study, the relative positions of 11 
anti-apolipoprotein B monoclonal antibodies have been 
mapped onto the surface of human low density lipoproteins 
by electron microscopy. As the epitopes recognized by these 
antibodies have been previously located on the primary se- 
quence of apoB, these data provide a map of the configuration 
of the protein on the surface of the LDL. The first 89% of 
apoB-100 may be modeled as a thick ribbon that wraps once 
around the LDL, completing the encirclement by about amino 
acid residue 4050. The thickness of the ribbon is sufficient to 
penetrate the monolayer, so that it makes contact with the 
core. There is a kink in the ribbon beginning almost halfway 
along its length at approximately apoM8. The C-terminal 
11% of apoB constitutes the “bow,” an elongated structure of 
about 480 residues, beginning at 4050 and stretching back 
into one hemisphere and then crossing the ribbon into the 
other hemisphere between residues 3000 to 3500, thus bring- 
ing sequences in the C-terminal portion of apoB-100 near to 
the suggested binding site for the LDL receptor. The C-termi- 
nal sequences may act as a negative regulator of LDL receptor 
binding, in agreement with Parhofer et al., 1992.J. CZin. Invest. 
89: 1931-1937, who reported the enhanced clearance from 
plasma of apoB89containing lipoproteins. It is proposed 
that in VLDL the bow could function to inhibit binding to the 
receptor; during lipolysis to form LDL, it is suggested that 
these C-terminal inhibitory sequences forming the bow would 
move sufficiently to allow interaction with the LDLrecep 
tor.-Chatterton, J. E., M. L. Phillips, L. K. Curtiss, R Milne, 
J-C. Fruchart, and V. N. Schumaker. Immunoelectron micros- 
copy of low density lipoproteins yields a ribbon and bow 
model for the conformation of apolipoprotein B on the lipo- 
protein surface.J. Lipid Res. 1995.36: 2027-2037. 
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Apolipoprotein B-100 (apoB-100) is a large, single- 
chain glycoprotein composed of 4536 residues (1,2) that 
is required for secretion of the triglyceride-rich very low 
density lipoproteins (VLDL) from the liver. It is also the 
only apolipoprotein not transferred between lipopro- 
tein particles during the metabolic conversion of VLDL 
into low density lipoproteins (LDL). LDL are spherical 
particles consisting of a core containing mostly 
cholesteryl esters together with some triglyceride, sur- 
rounded by a monolayer of phospholipid and unesteri- 
fied cholesterol in which is embedded a single copy of 
apoB-100 (reviewed in ref. 3). In spite of its great size, 
apoB-100 has not been resolved on the surface of intact, 
negative-stained LDL by electron microscopy (4,5). 

We have previously studied the conformation of apoB 
on intact LDL by immunoelectron microscopy (6), using 
apoB-specific monoclonal antibodies that attached to 
LDL and were clearly resolved in negative-stained sam- 
ples. These monoclonal antibodies were used to deter- 
mine the relative locations of specific regions of apoB 
on the intact LDL particle. By measuring the angular 
separations between all possible pairwise combinations 
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of six monoclonal antibodies, a three-dimensional 
model for apoB on the LDL surface was constructed. 
The results were consistent with a previously proposed 
model ( 5 )  in which apoB-100 formed a belt surrounding 
the LDL sphere. Further support for a belt-like model 
was suggested by electron microscopy of LDL in vitreous 
ice (7-9). 

Support for the belt model for apoB-100 has also 
emerged from a study of the sizes of the lipoproteins 
secreted by hepatocytes transfected with plasmids en- 
coding C-terminally truncated apoBs. The circumfer- 
ence of the lipoprotein core was found to be directly 
proportional to the length of the truncated apoB. This 
observation was consistent with a model for lipoprotein 
biosynthesis in which apoB determined the core circum- 
ference by encircling a droplet of nonpolar triglyceride 
and cholesteryl ester within the membrane of the en- 
doplasmic reticulum. According to the model, when 
translation was completed, the C-terminus of apoB com- 
pleted the encirclement, pulling the phospholipid 
monolayer around the core, and the nascent particle 
pinched off the membrane into the lumen of the en- 
doplasmic reticulum, forming a lipoprotein with apoB 
wrapped once about its circumference, in contact with 
the core (10). 

In the present work, data are presented specifying the 
locations of six additional monoclonal antibodies. One 
of the monoclonals previously mapped, MB44, consis- 
tently gave very broad distributions of angles with other 
monoclonal antibodies, and a high background of un- 
bound antibodies was visible in electron micrographs 
involving this monoclonal. Accordingly, even though its 
position was consistent with our current model, we have 
removed MB44, leaving a total of eleven antibodies on 
our current map. In our original three-dimensional 
map, flattening of the LDL sphere on the electron 
microscope grid may have distorted the configuration 

of apoB-100. Such distortion would affect the measure- 
ments of the angle separating the epitopes recognized 
by the monoclonal antibodies. We reasoned that distor- 
tion of the measured distances between the antibodies 
would be greatest in the gap between the two ends of 
the belt as the belt was not covalently “buckled.” To 
minimize the effects of distortion on the current map, 
the three most N-terminal antibodies were used to es- 
tablish a threedimensional coordinate system on the 
spherical model. Successive antibodies were then placed 
on the map by triangulation relative to the three most 
immediately previous antibodies. Thus, the current map 
was constructed one antibody at a time proceeding from 
the N- to the C-terminus. 

The increase in resolution afforded by having 11 
uniformly spaced monoclonal antibodies provides addi- 
tional detail concerning the configuration of apoB on 
the LDL, allowing us to propose a ribbon and bow 
model, in which the C-terminal 11% of apoB-100 form- 
ing the bow may function to regulate access to the 
LDL-receptor binding site. 

MATERIALS AND METHODS 

Lipoproteins 
LDL were isolated as previously described (6). In 

brief, a 1.019-1.063 g/ml fraction of fresh human 
plasma was prepared by first floating all lipoproteins 
with a density less than 1.063 g/ml, then centrifuging 
these lipoproteins at a density of 1.019 g/ml and collect- 
ing the bottom 1.5 ml. This crude LDL preparation was 
then further purified using an isopycnic gradient and 
the 1.0320-1.0366 g/ml fraction isolated for the elec- 
tron microscope studies. Protease inhibitors (Poly- 
brene, benzamidine, €-amino caproic acid, and soybean 
trypsin inhibitor at final concentrations of 24 pg/ml, 2 

TABLE 1. Angles between pairs of monoclonal antibodies bound to L D L O  

MB24 M B l l  2D8 8 4  B3 4G3 MB47 MB43 Bsoll6 Bsol7 

- - - - - - - MB19 43b 45b 95 
MB24 - 456 86 157 
MBll - - 57 120 113 
2D8 - - - 74 69 132 
B4 
B3 - - - - - 104 155 
4G3 - - - - - - 54 96 43 
MB47 - - - - - - - 52 48 67 

- - - - 76 73 MB43 - 
- - 111 B~0 l l6  - - 

- - - - - - 
- - - - - 

- - - - 
- - - - 65 60 109 - 64 - 

- - - 
- 

- - - 
- - - - - 

The standard errors of the angles listed in Table 1 ranged from 0.7% to 5.8%: the average standard error was 2.2%. 
bData from ref. 7. 
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mM, 5 mM, and 20 pg/ml, respectively) were added 
immediately after the blood was drawn. Nitrogen-satu- 
rated solutions and EDTA (0.04%) were used through- 
out the isolation to avoid oxidation. Anti-bacterial 
agents, 0.05% sodium azide and 0.005% gentamicin 
sulfate, were also present throughout the isolation. 
Lipoproteins were dialyzed into nitrogen-saturated 
0.195 M NaCl, 0.04% EDTA, 0.05% sodium azide, 

Fig. 1. Binding of monoclonal antibodies to LDL. Electron mi- 
crographs of complexes formed by pairs of monoclonal antibodies and 
LDL are shown here, with arrowheads indicating molecules in which 
the central angle between the epitopes may be measured. The bar 
represents 1000 A. A Monoclonal antibodies MB47 and 4G3, average 
central angle 54'. B Monoclonal antibodies MB47 and B4, average 
central angle 109'. C Monoclonal antibodies MB47 and B3, average 
central angle 155'. 

0.005% gentamicin sulfate, and stored under nitrogen 
at 4°C. 

Electron microscopy 
Samples were prepared and mounted essentially as 

previously described (6). For monoclonal antibody anti- 
Bsol'7, which was reported to bind poorly to freshly 
prepared LDL (1 l), samples were incubated at higher 

Chatterton et al. Mapping of apoB on LDL 2029 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


concentrations, 250-500 nM, than the 50-100 nM pre- 
viously used. All samples were diluted to a final apoB 
concentration of 2.5 nM immediately before use. Elec- 
tron microscopy was performed on a JEOL JEM 1200 
EX electron microscope at 80 kV or a Hitachi H-7000 
electron microscope at 75 kV at magnifications between 
30,000 and 40,000 (calibrated using a diffraction grating 
replica). A Sigma-Scan digitizing board (Jandel Scien- 
tific, Corte Madera, CA) was used to record the coordi- 
nates of the three points along the LDL perimeter used 
for determining the central angle between the antibody 
binding sites, otherwise the analysis of the electron 
micrographs was performed as previously described (6). 

Other techniques 

where a, b, and c were the measured angular separations 
between three epitopes forming the sides of a triangle 
on the surface of a sphere, and A was the dihedral angle 
formed at the vertex of the triangle between sides b and 
c. Thus, if the three angular distances a, b, and c, 
separating the three monoclonal antibodies were meas- 
ured, the three dihedral angles, A, B, and C, of the 
spherical triangle were determined through permuta- 
tions of the expression given above. From this informa- 
tion, the coordinates 8 and Q were calculated. Thus, 8 
was always equal to the latitude or angular separation 
between any monoclonal antibody and MB19 located at 
the north pole; and $I was always equal to the longitude, 
conveniently calculated as the dihedral angle at the 
north pole between any monoclonal and MB24. The 
first time this calculation was used, however, there was 
an ambiguity, for two solutions are possible (that is, the 
third monoclonal, MB 1 I, may be placed in either the 
western or eastern hemispheres). This ambiguity was 
resolved by arbitrarily placing M B l l  in the western 
hemisphere. After the first three monoclonal antibodies 
were placed, successive monoclonals could be located 

Protein concentration was determined by the Mark- 
well modification of the Lowry technique (12). The 
absence of apoB proteolysis was checked by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis us- 
ing 5% acrylamide, 0.1% bisacrylamide gels, and the 
buffer system of Laemmli (13). 

Computer program for mapping 

The strategy for locating the relative positions of the 
monoclonal antibodies has been graphically illustrated 
(See Fig. 10 of ref. 3). 

A computer program was written in Basic to calculate 
the coordinates of each monoclonal from the angles 
listed in Table 1. A spherical coordinate system was used 
and the monoclonal antibody closest to the N-terminus 
of apoB, MB19, was arbitrarily placed at the north pole, 
or 8 = 0" in polar coordinates. Proceeding from the 
N-terminus, the next monoclonal, MB24, was placed at 
43', 0', where the l a t i t ~ d e , ~  8 = 43", was the measured 
angle between monoclonals MB19 and MB24 (Table l), 
and the longitude, @ = 0, was arbitrarily assigned. Thus, 
MB24 served a purpose analogous to Greenwich, Eng- 
land on Earth, as defining the prime meridian or 0" 
longitude. The position of the next monoclonal anti- 
body, MB11, was located by triangulation from the 
angular separations from the other two, using the cosine 
rule of spherical trigonometry: 

cos2(a) = cos2(b) + COS~(C)  - 2 cos(b) cos(c) cos(A) 

%sing a conventional nomenclature frequently used for spherical 
coordinates, 6 is the angular polar coordinate measured between the 
radial vector and the Cartesian z axis, and can be thought of as a 
measurement of latitude (on the Earth, the North Pole is at 90" N 
latitude, while in spherical polar coordinates the scale is shifted so that 
the North Pole is at 0" and the South Pole is at 180'). 4 is the angle 
between the x axis and the projection of the radial vector on the x, y 
plane, and can be thought of as a measurement of the longitude (on 
Earth both east and west longitudes from 0" to 180' are used, while 
in spherical polar coordinates the scale runs eastward from 0' to 360'). 

uniquely, for the distance from a third epitope was 
always available to resolve the ambiguity. The final map 
produced by this method, however, may be a mirror 
image of the true map, a problem left to the future. 

RESULTS 

To measure the configuration of apoB on the LDL 
particle, the angles between pairs of anti-apoB mono- 
clonal antibodies bound to the surface of the LDL were 
determined with the electron microscope. LDL were 
circular in projection, and antibodies were observed 
only when bound near the edge of the LDL where they 
displaced sufficient stain to be visualized through the 
negative contrast. As only antibodies lying in the plane 
of the grid are visualized by the negative stain technique, 
errors due to parallax are believed to be small. Com- 
plexes were selected in which two antibodies could be 
seen clearly contacting the same LDL near its periphery, 
and in which the LDL were circular with an apparent 
mean diameter of less than 300 A. By selecting images 
in which the tips of the antibody contacted the LDL near 
its periphery, errors due to random superpositions were 
decreased. Selecting round, < 300 A diameter LDL 
minimized errors due to distortion (flattening) of the 
LDL on the grid. 

The angle measured at the center of the LDL separat- 
ing the two antibody contact sites was characteristic for 
each pair of monoclonal antibodies. For example, com- 
plexes between LDL, monoclonal antibody MB47, and 
monoclonal antibodies 4G3, B4, or B3 were prepared 
and observed in the electron microscope (Fig. 1). In 
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A N G L E  ( D e g r e e s )  
Fig. 4. Distributions of central angles measured between pairs of monodonal antibodies bound to LDL. Each row contains data for the 
monoclonal antibody pairs used to determine the position of the common epitope. The first and second columns show the angles between the 
monoclonal antibody pairs that were used to determine the two possible positions for the common epitope; the third column shows the 
monoclonal antibody pairs used only for distinguishing between those two possible positions. 
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complexes formed between LDL, MB47, and 4G3, the 
two monoclonals bound relatively close together; their 
epitopes were separated by an average central angle of 
54" (Fig. 1A). In contrast, in complexes between LDL, 
MB47, and B4, the average angular separation of the 
epitopes was 109" (Fig. lB), twice that of the previous 
pair. In the case of complexes formed between LDL, 
MB47, and B3, the antibodies bound far apart, with an 
average angle of 155" (Fig. 1C) or three times that 
observed for the first pair. For MB47 and B3, angles of 
180" were often seen. Histograms of the angles meas- 
ured for these three antibody pairs are shown in Fig. 2, 
in the fifth row from the top. Both 4G3 and B4 gave 
well-defined peaks with MB47. The angle between B3 
and MB47 was so large that both sides of the peak were 
not contained within the plot borders, as angles greater 
than 180" cannot be distinguished from the supplemen- 
tary angles less than 180". 

To reduce the uncertainty introduced by measuring 
large angles, neighboring epitopes were selected in a 
stepwise fashion. The angles between MB19, MB24 and 
MB11, previously reported (6), were used to place the 
first three antibodies at the N-terminus of apoB, as 
described in Methods. After these had been placed, 
successive epitopes were located from the angles meas- 
ured to their immediately preceding neighbors. The 
angles from the two closest epitopes determined two 
possible positions for the next epitope; the angle from 
a third was then used to distinguish between these two 
possibilities. Thus, MB47 was mapped by using the 
measured angles from 4G3, B4, and B3, whose positions 
had been previously established. The relatively well-de- 
fined angles from 4G3 and B4 determined two possible 
locations for MB47; one of these was about 90" from B3 
while the other was about 150" from B3. The measured 
angle of 155" between MB47 and B3, though somewhat 
uncertain because of its size, readily distinguished be- 
tween these two possibilities. 

Histograms of previously unreported angles meas- 
ured between various pairs of monoclonal antibodies 
used to construct the current map are provided in Fig. 
2. Each row consists of the three pairs used to place a 
particular epitope; the first row positions 2D8, the sec- 
ond row B4, etc. The first two columns of Fig. 2 provide 
the distributions used to calculate the average angles 
between the antibody pairs used to solve for the two 
possible locations of the unknown epitope. The third 
column contains the distribution used only for distin- 
guishing between these two possible locations. Table 1 
summarizes the average angles measured for the pairs 
of monoclonal antibodies. In some cases outlier points 
were ignored in calculating these means; the average 
angle for the MB47/4G3 pair, for example, ignores 
angles greater than 100". 

Table 2 provides polar coordinates for the 11 mono- 
clonal antibodies mapped to the surface of a sphere, 
calculated as described in Methods from the angular 
measurements listed in Table 1. 

In addition to the monoclonal antibody pairs used in 
constructing the map, listed in Table 1, average angles 
(n 50) were measured between a number of other 
monoclonal pairs; these included MB19/B4 (1567, 
MB19/4G3 (130"), MB19/MB47 (85" and 84"), 
MB19/MB43 (43"), MB19/Bsoll6 (lolo),  MB24/MB47 
(80"), MB24/Bso116 (117"), MBll/MB4'7 (132"), 
MBll/Bsoll6 (1353 B4/MB43 (146'), B3/MB43 
(148"), and B3/Bso116 (121 "). Duplicate measurements 
of monoclonal antibody pairs in Table 1 not included 
because of greater error in these experiments were 
MB24/B4 (159"), MBll/B4 (1 16"), 2D8/B4 (77"), 
MB47/Bso116 (48"), andMB43/Bso116(75"). Except for 
those angles measured "across the gap" between the 
N-terminus and the C-terminus (see Discussion), these 
additional angles were all consistent with the current 
map, within experimental error, demonstrating good 
internal consistency and strongly supporting the general 
features of the map. 

DISCUSSION 

Computer program to estimate cumulative error 

The mapping technique used, which placed each epi- 
tope relative to its immediate neighbors, was designed 
to reduce error introduced by the flattening of LDL on 
the grid, which may result in the separation of the N- 
and C-terminal ends of apoB at the non-covalent N-ter- 

TABLE 2. Polar coordinates of 11 monoclonal antibodies mapped 
to the surface of a sphere 

Antibody e f Latitude4 Longitudea 

MB19 0 0 90" 0" 
MB24 43 0 47" 0" 
MBll  45 293 45"N 67'W 
2D8 102 289 12" 71'W 
8 4  141 210 51's 150"W 
B3 150 357 60"s 3"W 
4G3 103 153 13% 153'E 
MB47 50 142 40"N 142'E 
MB43 5 261 85" 99'W 
Bsoll6 77 187 13" 173"W 
Bsol7 69 65 21"N 65'E 

Wsing a globe of the Earth and the small-sized "Post-it" Notes 
(Commercial Tape Division/SM, St. Paul), a model for the configura- 
tion of apoB on the surface of the LDL may be readily constructed 
from these data. 
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mind, Cterminal junction. This caution was clearly 
warranted as the extrapolated position by this mapping 
technique of the N-terminal epitopes relative to the 
Cterminal epitopes differed from measured angles be- 
tween the epitopes; thus, the angle between MB47 and 
MB19 is 50' on the current map, but when directly 
measured was 85" (6). Because the current map was 
constructed in a stepwise fashion from the N-terminus, 
it might be argued that this difference arose from cumu- 
lative errors in the map. We do not believe this is the 
case for two reasons. First, all of the angles measured, 
including ones not used in constructing the map, gave 
results consistent with the map, except those measured 
*across the gap" between the N-terminus and the C-ter- 
minus. Second, to test the effect of cumulative errors, a 
computer program was written which automatically de- 
termined the positions of the epitopes but randomly 
varied the angles between f 5% of their measured value. 
The angular distance from the mapped position was 
then determined. In 100 trials, the average cumulative 
error in the position of MB43 relative to its mapped 
position was 12.1", suggesting that cumulative error is 
not responsible for the larger angles measured "across 
the gap" between the N-terminus and C-terminus. It 
seems more likely that when the LDL was distorted on 
the electron microscope grid, the two ends of apoB 
moved apart, resulting in an abnormally large measured 
angle between N- and Cterminal epitopes relative to 
their mapped positions. Cumulative errors would have 
little effect on the local features identified here, such as 
the more compact N-terminus, the "kink," and the 
"bow." 

First 89% of apoB forms a ribbon encircling the LDL 

The 11 epitopes recognized by the monoclonal anti- 
bodies used to construct the current model have been 
placed on the primary sequence of apoB, as shown in 
Table 3, usually within a stretch of about 100 amino 
acids. These 11 epitopes span essentially the entire 
length of apoB-100, from sequences near residue 71, 
close to the N-terminus, to sequences within residues 
4521-4536 at the C-terminus, and are spaced at approxi- 
mately 400-500 residue intervals, with the exception of 
the B3-4G3 interval, which is somewhat longer (747 
residues) and the MB43-Bso116 interval, which is con- 
siderably shorter (1 18 residues). 

Figure 3 and Figure 4 show the current map of the 
N-terminal 89% of apoB-100 on the LDL surface. For 
convenience, the epitope positions are expressed in the 
centile nomenclature, followed by the designation of the 
monoclonal antibody in parentheses. The N-terminus is 
exceptionally compact, with three epitopes, 2% (MB19), 
11% (MB24), and 23% (MBl l), spanning the initial 1000 
residues of apoB, separated by only 45" (Fig. 3A). In 

contrast, the next 420 residues, from 23% (MBll)  to 
32% (2D8), extend apoB-100 by an additional 57' 
around the LDL (Fig. SA); the next 407 residues, from 
32% (2D8) to 41% (B4) extend apoB-100 another 74' 
around the LDL (Fig. 3B). Then, this progression 
around the sphere is interrupted by a "kink" between 
41% (B4) and 50% (B3) in which the sequence moves 
back across the LDL surface in the geneml direction of 
the N-terminus (Fig. 3B). After this kink, apoB resumes 
its progression around the LDL, on a somewhat larger 
circle. As seen in Figs. 3B, 3C, and 3D, the epitopes at 
50% (B3), 67% (4G3), 77% (MB47), and 89% (MB43) 
extend circumferentially around the LDL until the N- 
terminus is encountered. Thus, the first 89% of apoB- 
100 completely encircles the LDL, bringing the epitopes 
at 2% (MB19) and 89% (MB43) close together. 

Figures 3E and 3F show two views along the horizontal 
rotation axis used in Figs. 3A-D; the epitopes can be 
seen to reside a little more in one "empty" hemisphere 
than the other; thus, apoB is not quite centered as it 
surrounds the sphere. The overall shape of the first 89% 
of apoB-100 is that of a kinked ribbon completely encir- 
cling the LDL. 

Some projections of apoB form rectangular images 

A recent cryo-electron microscopy investigation of 
LDL (9) found that the high density regions of LDL, 
probably representing apoB, could be described as a 
double disc, that is, rectangular images containing two 
high density bands (the double disk viewed from the 
side) that could be converted by a rotation of 90" into a 
circular image (the disk view from the top). Interest- 
ingly, some, though not all, of the circular projections 
(Fig. 4 panel A) of our connectivity map of the first 89% 
of apoB can be converted into a rectangular, double- 
banded structure by a rotation of approximately go", as 
shown in Fig. 4, panel B. Although we do not know the 

TABLE 3. Primary sequence positions of the epitopes recognized 
bv anti-aD0B-100 monodonal antibodies 

Monoclonal 
Antibody 
MB19 
MB24 
MBll 
2D8 
B4 
B3 
4G3 
MB47 
MB43 
Bsoll6 
Bsol7 

Epitope 
Location 

71 
405-539 
995-1082 
1438-1480 
1854-1878 
2239-2331 
2980-3084 

3429-3453,5507-3523 
4027-4081 
4154-4189 
4517-4536 

Centile 
Position 

2 
10 
23 
32 
41 
50 
67 
77 
89 
92 

100 

Positions of epitopes were determined in references 11, 14, 15, 
and 16. 
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Fig. 3. Epitope mapping of the first 89% of apoB. Panels A, B, C, and D are related by sequential 90' rotations about a horizontal axis in the 
plane of the page. Panels E and F are views along this rotation axis. Each epitope is shown connected to the next epitope in the sequence of 
apoB by the arc from the great circle containing the two epitopes: a 'connectivity map." 
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true path of apoB between the epitopes, the agreement 
is striking; it probably arises because the first 89% of 
apoB is a relatively uniform belt and thus the connectiv- 
ity map of the epitopes represents a reasonable approxi- 
mation of the mass distribution. 

Average dimensions of the proposed ribbon model 
A typical LDL has a radius of 100 A, a molecular 

weight of 2.6 million, and is composed of 22% phos- 
pholipid and 11% cholesterol by weight (3). Taking the 
thickness of the surface monolayer to be 20 (3), the 
volume of the monolayer is 1.23 lo6 cms/mole. The 
phospholipid (0.984 ml/g) and cholesterol (1.021 ml/g) 
are sufficient to fill 70% of this volume, leaving 30% to 
be occupied by protein. The volume of apoB-100 
(513,000 g/mol at 0.74 ml/g) would be just enough to 
occupy the remaining 30%. The volume occupied by 
apoB-89 is a little less. Thus, if apoB-89 were a thick, 
wedge-shaped ribbon, this ribbon would have to be 620 
A in length at the surface to encircle the LDL, and 60 A 

Fig. 4. Stereo views of the connectivity map of the first 89% of apoB. 
The lipid portion of the lipoprotein has been removed to describe the 
course of apoB. Panel A shows a circular projection. Panel B is rotated 
forward 90” relative to panel A to transform the circular projection 
into a rectangular double-banded projection. Panel C is rotated back- 
ward from panel A by about 45“. 

in width at the surface to cover the remaining 30% of 
the surface area. The thickness of this wedge-shaped 
ribbon, 18 A, can then be calculated from the require- 
ment that it fills the volume occupied by apoB-89. Such 
a belt would surround the LDL, cover the surface not 
occupied by phospholipid monolayer, and make direct 
contact with the core. 

Correspondence between the model and the primary 
sequence of apoB 

Distinctive features on the current map correspond 
to regions of interest already identified on the basis of 
their characteristic primary structures. Thus, computer 
analysis of internal repeats in the sequence of apoB-100 
have identified two clusters of 22 residue long amphipa- 
thic alpha helices between residues 2079 and 2428 and 
between 4150 and 4484 (17). A recent analysis of poten- 
tial amphipathic structures in apoB-100 (18) also identi- 
fied these two regions as having a high amphipathic 
helical potential, and suggested that these regions were 
involved in lipid binding. An N-terminal third region 
from amino acids 58-476, which contains amphipathic 
helices characteristic of globular proteins, was also iden- 
tified, while the regions between these three helical 
domains were shown to be enriched in amphipathic beta 
structures (18). Therefore, the first, globular-protein- 
like helical domain would be consistent with the more 
compact configuration of the first 1000 residues on the 
map. The second amphipathic helical region of apoB- 
100 extending from about amino acid residues 2100 to 
2600, encompasses the “kink” region, and the C-termi- 
nal third amphipathic helical region, from roughly 4150 
to 4400, corresponds well to the elongated structure we 
refer to as the “bow.” Most of the “ribbon” portion of 
apoB-100 consists of the intervening sequences rich in 
amphipathic beta structures. 

Structure and possible function of the bow 

The simple ribbon model is insufficient to describe 
the behavior of the final 11% of apoB. We refer to this 
C-terminal region as the “bow.” As can be seen in Fig. 
5, apoB-100 in the region from 89% (MB43) to 92% 
(Bsoll6) stretches back in the general direction of its 
former path, away from the N-terminus, and extends 
into one hemisphere of the LDL. As these two epitopes 
are only separated by about 118 residues in the primary 
sequence but by 76” on the LDL surface, this portion of 
apoB-100 must be extremely elongated. If it were to be 
modeled as a cylinder arcing along the surface of the 
LDL, it would be about 140 A long and 12 A in diameter. 
From this epitope at 92% (BsollG), the bow then crosses 
over the ribbon, with the C-terminal epitope (Bsol7) 
lying in the other hemisphere of the LDL (Fig. 5). The 
great circle connecting the epitopes at 92% (Bsoll6) and 
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100% (Bsol7) crosses the ribbon near the epitope at 77% 
(MB47). 

The structure of the bow may be related to a possible 
function. By moving back from the N-terminal, C-termi- 
naljunction and then crossing the ribbon, this elongated 
structure appears to bring elements in the Gterminus 
close to the epitope recognized by MB47, a monoclonal 
antibody that strongly inhibits binding of LDL to the 
LDL receptor (19,20). Sequence homology to the apoE 
LDL receptor binding region also suggests that this 
region corresponds to the LDL receptor binding site on 
apoB-100 (21, 22). This evidence is suggestive only, as 
no intervening points have been placed on the path that 
apoB-100 follows from 92% (Bsoll6) to 100% (Bsol7). 
However, it must cross the apoB-100 ribbon, and the 
shortest path between these epitopes intersects the LDL 
receptor binding region. Moreover, because LDL con- 
taining a truncated form of apoB that lacks the "bow" 
bind the LDL receptor more tightly than normal LDL 
(23,24), it seems likely that the C-terminal sequences do 
interact with the LDL receptor binding region. 

The kinetics of lipoprotein clearance in individuals 
with a truncated apoB-89 has been analyzed by Parhofer 
et al. (25). These authors found that the clearance of not 
just apoB-89-containing LDL and IDL were enhanced 
but also that of apoB-89containing VLDL. This suggests 
a possible function for the bow. The bow may function 
as a negative regulator of LDL receptor binding, inhib- 
iting binding to the LDL receptor in normal VLDL. 

Fig. 5. The "bow" of apoB. The orientation is that of Fig. 3D. The 
Cterminal 11% of apoB-100 moves "backward" from the epitope at 
MB43 (89%), first into one hemisphere, Bsoll6 (92%), and then 
crosses the ribbon near the LDLreceptor binding site and terminates 
in the other hemisphere at Bsol'l(lOO%). 

2036 Journal of Lipid Research Volume 36,1995 

Upon lipolysis to form VLDL remnants, IDL, and LDL, 
a conformational change in the bow, possibly mediated 
by the ends of apoB coming together, could lead to the 
unmasking of the LDL receptor binding site. If this 
hypothesis were correct, it would be predicted that, 
unlike normal large VLDL which do not bind the LDL 
receptor via apoB, large apoBS9containing VLDL 
would display apoB-mediated clearance. This would ex- 
plain the enhanced clearance of apoB-89containing 
VLDL observed by Parhofer et al. (25) as being caused 
by a functional deletion. Furthermore, it may be sug- 
gested that mutations in the bow, particularly in the 
region between 4150 and 4400, might lead to abnormal 
binding to the LDL receptor by perturbing the normal 
regulatory function of the bow. I 
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