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Studies of the Composition and Structure of Serum Lipoproteins.
Separation and Characterization of Phospholipid-Protein
Residues Obtained by Partial Delipidization of Very

Low Density Lipoproteins of Human Serum”

Anders Gustafson,T Petar Alaupovic, and Robert H. Furman

BSTRACT: The partial delipidization of human serum
a- and B-lipoproteins by n-heptane resulted in phos-
pholipid—-protein residues characterized by a single
protein moiety, apolipoprotein A and apolipoprotein B,
respectively. The very low density (VLD) lipoproteins
(S; >20) yielded, upon partial delipidization, a mixture
of three phospholipid—protein residues. These were
separated by preparative Pevikon zone electrophoresis
and ultracentrifugation. The VLD phospholipid-protein
residues and corresponding protein moieties were
characterized by determination of sedimentation coeffi~

Differences in the terminal amino acids (Avigan
et al., 1956; Shore, 1957; Rodbell, 1958), immuno-
chemical specificities (Scanu et al., 1958b), and metabolic
pathways (Gitlin ef al., 1958) indicate that low-density
(3-LP)! and high-density («-LP) human serum lipo-
proteins contain single, distinct protein moieties. How-
ever, similar studies of various ultracentrifugally iso-
lated fractions of very low density (VLD) lipoproteins
have provided only limited and inconclusive informa-
tion concerning the distribution and type of their pro-
tein moieties. It has been suggested that the chylo-
microns (S; >400) contain two (Scanu and Page, 1959)
or three (Rodbell and Fredrickson, 1959) proteins, one
of which is closely related to that of o-LP, and that the
St 100-400 VLD-lipoproteins probably contain only one
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1 Abbreviations used: Si, flotation rate, expressed as Svedbergs
(103 cm sec/dyne per g) of flotation in NaCl medium of density
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cient, diffusion coefficient, hydrated density, N-terminal
amino acids, by peptide patterns, and by immuno-
chemical specificity. The protein moieties of two of the
three VLD phospholipid-protein residues were the
same as apolipoproteins A and B. The third phospho-
lipid-protein residue contained another protein, desig-
nated apolipoprotein C. It has been hypothesized that
apolipoprotein C, due to its high phospholipid binding
capacity, plays a major role in maintaining the struc-
tural stability of protein-poor very low density lipo-
protein particles.

protein (Levine et al., 1955; Briner et al., 1959) similar
to, or the same as, that of 8-LP. It has also been sug-
gested, however, on the basis of the N-terminal amino
acid analyses, that the VLD-lipoproteins (S; >20)
may contain as many as four distinct proteins (Rodbell,
1958; Shore and Shore, 1962a; Bobbitt and Levy,
1963).

So far, a lipid-free, water-soluble protein moiety has
been obtained only from «-LP (Scanu er al., 1958a;
Shore and Shore, 1962b) after ethanol-diethyl ether
extraction. The application of the same delipidization
procedure to B-LP and VLD-lipoproteins failed to
yield water-soluble proteins (Scanu et al., 1958b; Scanu
and Page, 1959). On the other hand, the extraction of
VLD-lipoproteins by diethyl ether (Avigan, 1957;
Scanu and Page, 1959; Hayashi et al., 1959; Grundy
et al., 1961) did yield soluble fractions. The relatively
poor yields of lipid-protein residues obtained by this
technique, however, made further studies on the frac-
tionation and identification of modified VLD-lipo-
proteins and their protein moieties difficult.

Since the high lipid content of the five VLD-lipo-
protein subfractions separated at arbitrarily chosen
flotation rates by sequential preparative ultracentrifuga-
tion (Gustafson er al., 1965) interfered considerably
with attempts to isolate single homogeneous VLD-
lipoproteins, the entire VLD-lipoprotein fraction (S;:
>20) was partially delipidized by a new procedure
(Gustafson, 1964) resulting in a mixture of phospho-
lipid—protein residues (Gustafson er al., 1964). The
fractionation and characterization of these phospho-
lipid-protein residues and their protein components is
the basis of this report.
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Experimental Section

Blood samples were obtained from healthy subjects
(for the isolation of a- and $-LP) and from subjects
with hyperlipemia (hyperglyceridemia) of various types,
except that no subjects with hyperchylomicronemia
(““dietary fat-induced lipemia’”) were included. All
subjects exhibited prompt and marked increase in
plasma free fatty acid levels following heparin injection.
Blood was obtained after the subjects had fasted over-
night, in order to minimize the possibility of chylo-
microns being present. The blood was allowed to clot
and serum recovered by low-speed centrifugation.

Isolation of Lipoproteins. Serum lipoproteins were
obtained by preparative ultracentrifugation in the No.
40 rotor of the Spinco Model L ultracentrifuge at 4°.
The VLD-lipoproteins (S; >20) were obtained by
layering samples of hyperglyceridemic serum under
equal volumes of 4 1.0055 g/ml buffer solution (1.42 g of
anhydrous disodium phosphate, 7.27 g of NaCl, and
0.1 g of disodium EDTA in 1 1. of solution adjusted to
pH 7.0 with 1 N HCI) and centrifuging for 22 hr at
40,000 rpm (105,000g). 8-LP and «-LP were isolated
from normal sera at solvent densities of 1.063 and
1.210 g/ml, respectively, according to the the technique
described by Bragdon ef a/. (1956). All lipoprotein frac-
tions were washed twice by recentrifugation to remove
contaminating proteins, including albumin. Cellulose
acetate electrophoresis was employed to verify the
absence of contaminating proteins.

Partial Delipidization. The a-, 8-, and VLD-lipo-
protein fractions were dialyzed for 48 hr at 4° against
four changes of distilled water containing 0.01% di-
sodium EDTA, pH 7.0, lyophilized in the presence of
insoluble potato starch powder (J. T. Baker Chemical
Co.) and subjected to partial delipidization by #-heptane
according to the method of Gustafson (1964). The
sequential removal of lipids was followed routinely by
thin layer chromatography, and the absence of neutral
lipids in the heptane extracts was used as the criterion
for discontinuing further delipidization. The phospho-
lipid-protein residues were recovered from the starch
by extraction with 0.3 M borate buffer, pH 8.2, or with
0.05 M phosphate buffer, pH 7.0.

Separation of Phospholipid-Protein Residues. The
mixture of phospholipid-protein residues obtained by
partial delipidization of the VLD-lipoproteins was sub-
jected to horizontal electrophoresis on a *“Pevikon
C-870” (Stockholm Superfosfat AB, Stockholm, Swe-
den) block (Miiller-Eberhard, 1960), 50 X 15 cm, em-
ploying 0.3 M borate buffer, pH 8.2, at a voltage gradient
of 4.2 v/cm for 36 hr at an ambient temperature of 4°,
The block was cut into 70 segments, each 0.5 cm, and
the phospholipid-protein residues were eluted from
each segment by repeated extractions with 0.15 M
NaCl containing 0.01 % disodium EDTA, pH 8.0 (total
volume approximately 10 ml). The eluate from each
segment was subjected to double diffusion in agar gel
employing antibodies to human serum, and the ab-
sorbancy of each eluate determined at 280 mu. The
immunochemical properties and protein concentrations

of the eluates defined two main electrophoretic zones,
I and II. Zone I eluates contained a single phospho-
lipid-protein residue, zone II eluates contained two. The
latter were separated by preparative ultracentrifugation
in a NaBr solution of density 1.105 g/ml for 44 hr at
40,000 rpm (105,000g). All fractions thus purified were
concentrated by dialysis against a 30 % aqueous solution
of Dextran 80 (AB Pharmacia, Uppsala, Sweden) at 4°.

Electrophoresis. Starch gel electrophoresis was per-
formed according to Smithies (1955) utilizing a dis-
continuous buffer system, pH 8.2 (Poulik, 1957), and
cellulose acetate electrophoresis according to Kohn
(1958) employing barbital buffer, pH 8.6, ionic strength
0.075. Ponceau 3R (Allied Chemical Corp., New York)
and Amido Schwartz 10B (Bayer) were used to stain
proteins on cellulose acetate strips and starch gel slices,
respectively.

Immunochemical Methods. The phospholipid-protein
residues were studied by immunoelectrophoresis (Wil-
liams and Grabar, 1955) and by double diffusion
(Ouchterlony, 1953) in agar gels employing barbital
buffer, pH 8.6, ionic strength 0.050. Horse serum con-
taining antibodies to human «- and B-lipoproteins
(Behringwerke, Marburg an der Lahn, Germany),
horse serum containing antibodies to human serum
albumin, and rabbit serum containing antibodies to
human 7S +vy-globulin (Mann Research Laboratories,
New York) were used. The antibodies to «- and §-
lipoprotein present in the horse serum obtained from
Behringwerke gave single precipitin lines with the a-
and B-LP, respectively, and showed no reaction with
albumin, Horse serum containing antibodies to whole
human serum proteins (Mann Research Laboratories)
gave precipitin lines with both «- and 5-LP,

Ultracentrifugal Analyses. Ultracentrifugal analyses of
phospholipid-protein residues were carried out in a
Spinco model E ultracentrifuge equipped with a phase-
plate schlieren diaphragm and an automatic temperature
control unit. Plate measurements were made with a
Nikon microcomparator having a sensitivity of 0.001
mm. Sedimentation coefficients were determined at
constant temperature (25-26°) employing rotor speeds
of 52,640 or 59,780 rpm. Solutions of the phospho-
lipid—protein residues in 0.15 M NaCl (4 1.0055 g/ml)
were spun in single-sector cells. The observed sedimen-
tation coefficients were corrected to values in water at
20° by the usual methods (Schachman, 1957). The
sedimentation coefficients at infinite dilution, s -, were
extrapolated from s:,. values obtained at three dif-
ferent protein concentrations.

Hydrated densities were determined by measuring the
sedimentation coefficients at several NaCl solution
densities and extrapolating (a plot of 7S vs. p, where 7
is the solvent viscosity relative to that of water, S the
observed sedimentation coefficient, and p the solution
density) to the solution density of zero sedimentation
(Shore and Shore, 1962a). The values for the densities
and relative viscosities of solutions were taken from the
International Critical Tables.

The apparent diffusion coefficients of the phospho-
lipid—protein residues were evaluated in 0.15 M NaCl
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FIGURE 1: Starch gel electropherogram of phospholipid—
protein residues (protein stain). 1, whole serum; 2,
partially delipidized VLD-lipoproteins (S; >20); 3,
14S residue; 4, 4S residue; 5, 7S residue.

solutions, at rotor speed of 12,590 rpm, by employing
the height-area method. Diffusion coefficients, cor-
rected to zero time, were then converted to standard
conditions, Dy, in the usual manner (Schachman,
1957). The average molecular weights of phospholipid-
protein residues were calculated by utilizing the Sved-
berg equation (M = RTs/D(1 — Vp). The values for the
apparent partial specific volume, ¥/, were obtained from
the relation ¥ = 1/hydrated density.

N-Terminal Amino Acid Analysis. Dialyzed, concen-
trated solutions of phospholipid—protein residues were
extracted exhaustively by chloroform-methanol (2:1,
v/v) or by ethanol-diethyl ether (3:1, v/v). The precipi-
tated proteins were then dinitrophenylated according
to the procedure of Fraenkel-Conrat er al. (1955). The
dinitrophenyl (DNP) proteins were washed with water,
ethanol, and diethyl ether, dried in a desiccator over-
night, and hydrolyzed by refluxing in redistilled 5.7 N
HCI for 10 hr. The ether-soluble DNP-amino acids
were separated by paper chromatography (Blackburn
and Lowther, 1951), employing as solvent f-amyl
alcohol saturated with phthalate buffer. DNP-aspartic
and DNP-glutamic acids were separated at pH 5 and
DNP-threonine and DNP-serine at pH 6.

Proteolysis of Proteins and Two-Dimensional Separa-
tion of Peptides. The lipid-free proteins were digested
for 2 hr at 28° with trypsin (crystalline, salt-free, Boeh-
ringer Mannheim Corp.) in a solution of 2 M urea con-
taining 0.3 M ammonium carbonate, pH 8.4. The en-
zyme :substrate ratio was 1:40. The digestion with
pepsin (twice crystallized, Worthington) was carried
out with the same enzyme-substrate ratio in a solution
adjusted to pH 2.0 by 0.1 N HCI for 24 hr at 28°. The
trypsin digests were placed on a Dowex-50 column
(100-200 mesh, H* form), and the urea was eluted with
deionized, glass-distilled water. Peptides were eluted
with 4 M NH,OH and, after lyophilization of eluates,
redissolved in water (50 ul of water/mg of peptides).
The pepsin digests were dried in vacuo over P,O; and
NaOH and the residual peptides redissolved in water
(50 ul of water/mg of peptides). Peptide patterns of
trypsin and pepsin digests were obtained by two-
dimensional paper chromatography and electrophoresis
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according to the technique of Katz e al. (1959). The
peptide solutions were applied to Whatman No. 3 paper
and subjected, in the first dimension, to descending
chromatography in 1-butanol-acetic acid-water (4:1:5).
After drying, high-voltage electrophoresis was per-
formed in the second dimension in a buffer composed of
pyridine-acetic acid-water (1:10:189), pH 3.5, at
2000 v for 50 min. The peptides were stained by dipping
the papers in 0.05% ninhydrin in ethanol and heating
to 70° for 20 min.

Lipid Analyses. Concentrated or lyophilized salt-free
samples of phospholipid-protein residues of VLD-,
B-, and «-lipoproteins were extracted exhaustively
using chloroform-methanol (2:1, v/v) or ethanol-
diethyl ether (3:1, v/v). The precipitated proteins were
removed by low-speed centrifugation, washed with
diethyl ether, and dried /n vacuo over P.O;. Lipid ex-
tracts were washed according to the procedure of Folch
et al. (1957), dried with anhydrous Na,SQ;, evaporated
to dryness in vacuo under nitrogen, redissolved in chloro-
form, and aliquots taken for phospholipid analysis.
Lipid phosphorus was determined by the wet digestion
procedure of Youngburg and Youngburg (1930) with
phosphorus measured by the method of Fiske and
Subbarow (1925). The factor 25 was used to convert
lipid phosphorus to phospholipid.

Quantitative analysis of individual phospholipids was
performed by two-dimensional thin layer chromatog-
raphy. Glass plates (20 X 20 cm) were coated with
silica gel G (E. Merck, Darmstadt, West Germany) by
use of the Desaga applicator (Stahl, E., 1962), and the
chloroform extracts (20-25 ug of P) were applied with
micropipets. The plates were developed in the first
dimension with chloroform-methanol-water (65:25:4,
v/v) and in the second dimension with chloroform-
methanol-acetic acid-water (65:25:8:4, v/v). The
separation and detection of phospholipids was followed
by spraying individual plates with molybdenum blue
reagent (Dittmer and Lester, 1964), ninhydrin, or
Dragendorft reagent (Wagner et al., 1961). The phos-
pholipid spots were detected routinely with iodine
vapors, scraped off the plates, and transferred to diges-
tion tubes. Phosphorus was determined by the micro-
method of Gerlach and Deuticke (1963).

Protein Analysis. Protein was determined by a slight
modification of the Lowry method (Lowry et al.,
1951), as previously described (Gustafson ez a/., 1965).

Results

Phospholipid-Protein Residue of a-LP. The residue
obtained by the partial delipidization of «-LP had a
phospholipid-protein ratio of 0.8 and migrated on
starch gel electrophoresis as a broad, single band midway
between the origin and albumin (Figure 1, pattern 4).
It was characterized by a single, symmetrical ultra-
centrifugal peak (Figure 2, pattern A), sy,.. 4.3, hy-
drated density 1.17 g/ml (Table I). By substituting a
value for s:0,.« of 4.09, a value for Do, of 3.94 X 107
cm?/sec, and a value for ¥ of 0.851 ml/gin the Svedberg
equation, the molecular weight of partially delipidized
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FIGURE 2: Ultracentrifugal schlieren patterns of phospholipid-protein residues. A, partially delipidized «-LP, 4S
residue; B, partially delipidized 3-LP, the major peak is the 14S residue; C, partially delipidized VLD-lipoproteins
(S: > 20); D, 4S residue from VLD-lipoproteins; E, the major peak is the 14S residue from VLD-lipoproteins; F, 7S
residue from VLD-lipoproteins. All samples were run in 0.15 m NaCl, density 1.0055 g/ml, The interval (in minutes)
after rotor attained a speed of 52,640 rpm for A, B, C, and D, and a speed of 59,780 rpm for E and F, is indicated

below each frame.

TABLE I: Physical-Chemical Properties of Phospholipid—Protein Residues.

Source

Phospho- Phospho-

lipid- lipid- Hydrated

Lipoprotein Protein  Protein Density Dyo.w X 107 Mol Wt
Fraction Residue  Ratio S50, (S) (g/ml) Vo (ml/g)  s000 (S)  (cm¥fsec) X 1075
a-LP 4S 0.8 4.3 1.17 0.851 4.09 3.94 1.72
5-LP 14S 0.7 14.5 1.18
VLD-LP 4S5 0.9 4.5 1.17 0.851
VLD-LP 148 0.7 14.0 1.13 0.885
VLD-LP 7S 2.4 6.9 1.09 0.913 5.43 1.79 8.34

o-LLP was calculated to be 172,000. The 4S residue gave
a single precipitin line with antibodies to e-lipoprotein
or human serum. The protein moiety of the completely
delipidized 4S residue contained aspartic acid as the
major N-terminal amino acid (21.8-23.7 umoles/g of
protein), with occasional traces of threonine (Table II).

Phospholipid-Protein Residue of (3-LP. The ultra-
centrifugal pattern (Figure 2, pattern B) of the phospho-
lipid-protein residue obtained from S-LP (S: 0-20)
revealed a major sedimenting peak, sgo,w 14.5. The 148
residue frequently contained an additional faster moving
minor boundary with a sedimentation coefficient of
approximately 20S. Due to its extraordinary tendency
toward denaturation and aggregation, particularly at
high salt concentrations, only limited information about
the physical-chemical characteristics of the phospho-
lipid-protein residue of G-LP was obtained. For this
reason, the value of 1.18 g/ml for the hydrated density
of this residue, calculated from measurements at low
densities (1.005-1.010 g/ml), may be only an approxi-

mate value. The 14S residue migrated on starch gel
electrophoresis (Figure 1, pattern 3) slightly ahead of
intact 8-LP, and gave a single precipitin line with anti-g3-
lipoprotein serum. Glutamic acid was the major N-
terminal amino acid of the protein moiety (4.5 umoles/g
of protein) with serine, threonine, and alanine as oc-
casional minor contaminants (Table II).
Phospholipid-Protein Residues of VL D-Lipoproteins
(S¢ >20). The partial delipidization of VL. D-lipoproteins
(S >20) isolated from hyperglyceridemic sera resulted
in the formation of three phospholipid-protein residues.
The ultracentrifugal pattern of a typical experiment
showed initially two major boundaries (Figure 2, pat-
tern C, 42 min). The slower sedimenting boundary
subsequently resolved into two distinct peaks with
approximate sedimentation coefficients of 4 S and 7 S.
The mixture of residues was resolved by starch gel
electrophoresis into three distinct zones (Figure 1, pat-
tern 2) and yielded three precipitin lines (Table II) by
immunoelectrophoresis and double diffusion with
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TABLE 11: Immunochemical Properties and N-Terminal Amino Acids of Phospholipid-Protein Residues.

Precipitin Reaction

Source ]
Anti-

Lipoprotein Apolipo- Albumin Anti-a-LP Anti-g-LP Antihuman  Major N-Terminal
Fraction Residue  protein Serum Serum Serum Serum Amino Acid
a-LP 45 A — -+ — + Aspartic acid
B-LP 14S B - - -+ + Glutamic acid
YLD-LP 45 A - + — + Aspartic acid
VLD-LP 14S B - - -+ + Glutamic acid
YLD-LP N C — — — + Serine, threonine

FIGURE 3: Gel diffusion patterns of eluates from Pevikon
block electrophoresis. Segments 36—54 constitute zone I
and 57-67 zone II. Horse serum containing antibodies
to human serum is in the central well.

several preparations of antibodies to human serum.
The mixture gave no reaction with antibodies to human
albumin or human 7S y-globulin.

The mixture of partially delipidized VLD-lipoproteins
was subjected to preparative zone electrophoresis on
“Pevikon” blocks. The blocks were cut into 70 seg-
ments from which the phospholipid-protein was eluted
and monitored by immunodiffusion. Figure 3, repre-
senting the double diffusion pattern of the eluates of
segments 36-67 from the origin, shows the distribution
of phospholipid-protein residues into two main frac-
tions. Eluates 36-54 (zone I) showed a single precipitin
line close to the well. This phospholipid—-protein residue
was subsequently identified as the 14S component. The
combined eluates 57-67 (zone II) consisted of two
phospholipid-protein residues with sedimentation co-
efficients of approximately 4 S and 7 S. Slight changes in
the ambient temperature, voltage gradient, and the
amount of phospholipid—protein residue applied caused,
in some experiments, a certain degree of overlapping
between the zone I component and the 4S component
of zone II.

The phospholipid—protein residue (14 S) in eluates of
zone I was further purified by dialysis and preparative
ultracentrifugation for 22 hr at ¢ 1.15 g/ml to eliminate
traces of other phospholipid—protein residues. The top
layer contained the 14S residue and the bottom portion
the contaminating 4S residue. Some of the physical-
chemical and immunochemical properties of the puri-
fied 14S residue are shown in Tables I and II. The
phospholipid-protein ratio was 0.7, and the schlieren
pattern (Figure 2, pattern E) showed a major peak,

si}(,,w 14.0. As was the case with partially delipidized
B8-LP, a smaller, faster moving peak (20 S) was also
observed. The measured hydrated density of the 14S
residue was 1.13 g/ml. It showed a single precipitin line
by immunodiffusion against antibodies to human
B-lipoprotein and to human serum, and identity lines
with either intact or partially delipidized 8-LP. Glu-
tamic acid was identified as the major N-terminal amino
acid (4.2 umoles/g of protein) of the completely de-
lipidized 14S residue. Occasionally, traces of aspartic
acid were also detected. Peptide patterns of trypsin and
pepsin digests (Figures 4 and 5, patterns C) and those
obtained from delipidized 8-LP were closely similar.

The phospholipid—protein residues of zone II were
separated by preparative ultracentrifugation for 44 hr at
d 1.105 g/ml. The major quantity of 7S was obtained
from the top layer (upper 1 cm of the ultracentrifugal
tube) and the 4S residue from the infranatant portion.
Both residues were dialyzed before further characteriza-
tion. The 4S residue (phospholipid—protein ratio 0.7)
showed a single peak (Figure 2, pattern D) sby, 4.5
(Table 1), hydrated density 1.17 g/ml. It migrated as a
single broad band on starch gel electrophoresis (Figure
1, pattern 4) and gave a single precipitin line with anti-
body to human «-lipoprotein. Moreover, it yielded an
identity line with the 4S residue obtained by partial
delipidization of a-LP. Aspartic acid was the major
N-terminal amino acid of the protein moiety (19.2
umoles/g of protein) (Table I) although trace amounts
of threonine and serine were detected occasionally
(0.5-1.5 umoles/g of protein). This was regarded as
evidence that a complete separation of 4 S and 7 S had
not been achieved. The peptide patterns (Figures 4 and
5, patterns A) of completely delipidized 4 S were identical
to the corresponding patterns obtained from the protein
moiety of a-LP.

The third residue was phospholipid-rich (phospho-
lipid-protein ratio 2.4) and appeared as a symmetrical
sedimenting boundary (Figure 2, pattern F), sb,, 6.9,
hydrated density 1.09 g/ml. On the basis of a value for
s20.w Of 5.43, a value for D, of 1.79 X 1077 cm?/sec,
and a value of 0.913 ml/g for the partial specific volume,
an approximate molecular weight of 834,000 was calcu-
lated by use of Svedberg’s equation. The 7S residue
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FIGURE 4: The peptide patterns of trypsin digests of apolipoproteins A, C, and B. Paper chromatography in first
dimension from left to right. High-voltage electrophoresis in second dimension (cathode at bottom of paper). Point of

application in the left upper corner.

FIGURE 5: The peptide patterns of pepsin digests of apolipoproteins A, C, and B. Paper chromatography in first
dimension from left to right. High-voltage electrophoresis in second dimension (cathode at bottom of paper). Point

of application in the left upper corner.

gave no precipitin line with antibodies to human «-
or 3-lipoproteins. A single precipitin line was obtained,
however, with several antibodies to human sera (Table
I1). It migrated characteristically as a double band to a
prealbumin position on starch gel electrophoresis
(Figure 1, pattern 5). Due to relatively small amounts of
protein, the quantitative determination of the N-
terminal amino acids was not possible. Qualitatively,
serine and threonine were the major N-terminal amino
acids (3.7 pmoles of serine and 6.5 umoles of threo-
nine/g of protein, to be considered as tentative values,
only). The peptide patterns of trypsin and pepsin digests
(Figures 4 and 3, patterns B) differed characteristically
from those of the protein moieties of «-LP and §-LP
(patterns A and C, respectively).

The Phospholipid Composition of Phospholipid-Protein
Residues. The results of preliminary quantitative

PHOSPHOLIPID—-PROTEIN RESIDUES OF SERUM

chromatographic analyses of individual phospholipids
extracted from the phospholipid—protein residues are
shown in Table III. The relative concentrations of the
principal phospholipids, lysolecithin, lecithin, and
sphingomyelin, differed markedly among the three
phospholipid-protein residues. The 7S residue had the
lowest content of lecithin and the highest content of
sphingomyelin. It was also the only residue containing
cephalin. The relative concentration of lysolecithin was
similar in 7S and 48, but it was not detected in the 14S
residue. The unknown phosphorus-containing spots
noted on chromatography of the 4S and 14S residues
corresponded, most probably, to phosphatidylinositol.

The Distribution of Phospholipid-Protein Residues of

VLD-Lipoproteins (S; >20). The results of some pre-
liminary experiments on the distribution of phospho-
lipid-protein residues (Table IV) recovered from Pevi-
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TABLE 11I: Phospholipid Composition of Phospholipid-
Protein Residues.

Per Cent of Total Lipid Phosphorus

Phos-

pho- Phos-
lipid—- pha-
Pro- tidyl-
tein Sphin- etha-

Resi- go- Lyso- nol- Un-
due Lecithin myelin lecithin amine known
4s 75.0 7.5 10.0 7.5
14S 79.1 15.2 5.7

78 57.0 26.9 10.8 5.3

TABLE 1v: Per Cent Distribution of Apolipoproteins in
VLD-Lipoproteins (S; >20).

Per Cent of Protein

Recover
ecovery Recovered

of
Applied Apo Apo Apo
Proteine A B C

Subjects (%) 4S) @@4s8) (@7S)
K, A (pool) 60 33 53 14
G, W (pool) 55 18 73 9
G, W, W (pool) 62 8 78 14
G.T. 45 4 48 48
T, T (pool) 50 18 47 35
R.T. 46 14 60 26

e Percentage recovery based on the total amount of
protein of the mixture of phospholipid—protein residues
applied on Pevikon block.

kon-blocks indicate important differences in the apoli-
poprotein? composition of VLD-lipoproteins in various
hyperlipemic states. Whereas apolipoprotein B repre-
sents the principal protein, the percentage contents of
apolipoproteins A and C vary from very low (4 and
9%, to relatively high values (33 and 48 77).

Studies? on the distribution of apolipoproteins in the
five subfractions of VLD-lipoproteins obtained accord-
ing to the method of Gustafson er al. (1965) from the
serum of the same subjects have shown the presence of

2 The term apolipoprotein, as suggested by Oncley (1964),
designates the lipid-free protein moiety of a lipoprotein. Thus,
apolipoprotein A designates the protein moiety of a-lipoprotein,
apolipoprotein B the protein moiety of B-lipoprotein, and
apolipoprotein C the protein moiety of a lipoprotein present in
VLD-lipoproteins (Sf >20).

3 Unpublished studies carried out in this laboratory by P.
Alaupovic, I. Ledford, and R. H. Furman (in preparation for
publication).
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all three apolipoproteins in fractions with S; 400-5000
(fraction B) and S; 100-400 (fraction C), the presence of
apolipoproteins A and B in fraction with .S; 50-100, and
the presence of apolipoprotein B in fraction with S;
20-50.

Discussion

Partial delipidization of «- and 5-LP and the chemical
and immunochemical characterization of their phos-
pholipid-protein residues confirmed previous studies
(Avigan et al., 1956; Shore, 1957; Scanu et al., 1958)
which suggested the presence of single, distinct apolipo-
proteins in each of these two major lipoprotein classes.
Partial delipidization of VLD-lipoproteins (S; >20)
removed neutral lipids quantitatively and resulted in the
formation of phospholipid-protein residues differing in
electrophoretic mobilities, sedimentation coefficients,
molecular weights, and immunochemical properties.
The results of fractionation and characterization of these
phospholipid-protein residues seem to establish the
presence of three distinct apolipoproteins.

The 14S phospholipid-protein residue isolated from
VLD-lipoproteins had the same N-terminal amino
acid, peptide pattern, and immunochemical properties
as those of a similar residue obtained from S-LP. These
results show that the protein moiety of the 14S residue
and the protein moiety of 3-LP (apolipoprotein B) are
identical. There are several reports in the literature
supporting the occurrence of apolipoprotein B in the
lipoproteins of .S; >20. Avigan (1957) obtained single
and identical degradation products from S; >21 and
S: 0-12 lipoproteins by partial delipidization with di-
ethyl ether. The values for the phospholipid—-protein
ratio (0.5-1.0), the hydrated density (1.137 g/ml), and
the sedimentation coefficient (sz0,» 12.8) of delipidized
products were similar to the corresponding values (0.7,
1.13 g/ml, and 14.0, respectively) of the 14S phospho-
lipid—protein residue obtained in this study. Immuno-
chemical studies (Levine et al., 1955; Briner et al., 1959)
indicated that the protein moieties of S; 10-400 and S;
0-10 have the same immunochemical specificity.

Similarily, the physical-chemical and immunochemi-
cal properties of the 4S phospholipid-protein residue
closely resembled those of the phospholipid-protein
residue isolated from «-LP, indicating the presence of
the protein moiety of a-LP, apolipoprotein A, in both
residues. Previously, Scanu and Page (1959) demon-
strated by immunological techniques, and Rodbell and
Fredrickson (1959) by determination of terminal amino
acids and peptide patterns, the occurrence of the protein
moiety of a-lipoprotein as one of the protein com-
ponents of the human plasma chylomicron fraction.

The protein moiety of the third phospholipid-protein
residue isolated from the VLD-lipoproteins showed
little similarity to either apolipoprotein A or B. The
7S phospholipid—protein residue had, in comparison
with 14S and 48 residues, a higher phospholipid-protein
ratio (2.4), a lower value for hydrated density (1.09
g/ml), and a faster migration rate in starch gel electro-
phoresis. The 7S residue gave no reaction with any of
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the antibodies to a-lipoprotein, 3-lipoprotein, albumin,
or 7S ~v-globulin, It showed, however, a single pre-
cipitin line with several samples of antibodies to human
serum. * The N-terminal amino acids and, especially, the
differences in the peptide patterns of pepsin and trypsin
hydrolysates also distinguished the apolipoproteins A
and B from the protein moiety of the 7S residue. In
accordance with the lipoprotein—-protein nomenclature
suggested by J. L. Oncley, the newly isolated and
partially characterized protein of 7S residue is tenta-
tively designated apolipoprotein C.

There are several reports in the literature which seem
to support, indirectly, the evidence for the occurrence
of a third protein in VLD-lipoproteins. Grundy er al.
(1959) submitted lipoproteins of density less than 1.063
g/ml to delipidization by diethyl ether and obtained two
ultracentrifugally distinct components. They concluded
that the more rapidly sedimenting fraction probably
corresponded to that prepared by Avigan (1957) from
lipoproteins of density 1.019-1.063 g/ml, and that the
more slowly moving boundary represented a protein
portion characteristic of VLD-lipoproteins (S; 20-400).
If one assumes the presence of apolipoprotein A (as-
partic acid as N-terminal amino acid) in S; >400 VLD-
lipoproteins only—an assumption consistent with the
finding of glutamic acid, serine, and threonine, but not
aspartic acid as N-terminal amino acids in the S; 20-60
lipoproteins (Shore, 1957)—then the faster and slower
moving boundaries would correspond to the 14S and
7S residues, respectively. The N-terminal amino acid
determinations (Shore, 1957; Rodbell, 1958; Bobbitt
and Levy, 1963) of various fractions of VLD-lipo-
proteins have already suggested the presence of more
than two proteins in this class of lipid-protein com-
plexes.

The demonstration of apolipoprotein C as a third
characteristic protein of human serum lipoproteins
raises several important questions with respect to its
homogeneity, occurrence, distribution, and function.,
The finding of two terminal amino acids, threonine and
serine, may indicate either a protein consisting of two
peptide chains or two separate proteins. Although the
latter alternative seems to be incompatible with the
ultracentrifugal and immunochemical evidence pre-
sented, the presence of a second narrow band in the
starch gel electropherogram and the possibility of loss
of one of the proteins due to precipitation during the
process of partial delipidization certainly warrant
further investigation.

Preliminary results indicate the occurrence of apolipo-
protein C, mainly in VLD-lipoprotein subfractions of
higher S; values (S; >100) from hyperglyceridemic sera.
These subfractions are characterized by a very high
content of triglyceride (70-90%,) and an unusually high
phospholipid-protein ratio (2.4-4.1) (Gustafson er al.,
1965). Several speculations and hypotheses (Dole and
Hamlin, 1962; Vandenheuvel, 1962; Oncley, 1964)

4 The reaction of the 7S residue with rabbit serum containing
antibodies to human VLD-lipoprotein (St >20), recently pre-
pared in this laboratory, produced a single precipitin line.

about the structural arrangements of protein and lipid
components in chylomicra and very low density lipo-
proteins consider the central portion of triglyceride
mass to be stabilized by a surface layer of phospholipid
and protein, with cholesterol and cholesterol esters as
interposed components. Moreover, electron microscopy
(Kay and Robinson, 1962) of rat thoracic duct chylo-
micra shows that this surface layer of phospholipid and
protein is a discontinuous structure, but sufficient to
maintain the stability of the triglyceride core. The
relatively high molecular weight (834,000) and phos-
pholipid-protein ratio (2.4) of the 7S residue appear to
indicate an exceptional binding capacity of apolipo-
protein C for phospholipids. It may be that because of
this high affinity for phospholipids, even small amounts
of apolipoprotein C play an indispensable role in main-
taining the structural stability of VLD-lipoprotein
microemulsions.

Evidence for the presence of a-LP in very low density
lipoproteins has been reported by several laboratories.
Lindgren er a/. (1955) and Shore and Shore (1962a) noted
the production of «-LP (HDL) following lipolysis of
S: 20400 lipoproteins by postheparin plasma. In 1961,
Furman et al. demonstrated the presence of «- and
B-lipoproteins in d 1.019-1.006 g/ml and d <1.006 g/m]
(low-density 8 and VLD) lipoproteins by preparative
ultracentrifugation of lipemic serum before and after
partial disruption of the low-density lipoproteins by
sonic forces. Recently, Levy et al. (1965), utilizing elec-
trophoretic techniques for isolation and identification
of lipoproteins, reported the presence of «-LP in the
“pre-3” (VLD) lipoprotein fraction, after lipolysis or
mild ether delipidation of the pre-3 fraction. They have
suggested that the physiological role of «-LP is to
facilitate the transport of endogenous triglycerides.

The identification of the protein moieties of the 4S and
14S phospholipid-protein residues in the very low
density (S; >20) lipoproteins as apolipoproteins A and
B (Gustafson er al., 1964; Alaupovic and Furman,
1965) provides the chemical evidence for the identity of
these proteins and those of low-density (3-LP) and
high-density («-LP) lipoproteins. The presence of all
three apolipoproteins in VLD-lipoprotein fractions
S; 400-5000 and S: 100-400, and the presence of apo-
lipoproteins A and B in the S; 50-100 fraction, indicate
that the finding of apolipoprotein A in the VLD-
lipoprotein fraction, isolated in its entirety, need not be
attributed to the possible presence of “‘chylomicrons’’
in the sera obtained from the fasting, hyperglyceridemic
subjects. The isolation and identification of apolipo-
protein C and the demonstration of apolipoproteins A
and B in VLD-lipoproteins have led to the formulation
of a new classification system of the entire human
serum lipoprotein spectrum (Alaupovic et al., 1964),
characterized by apolipoproteins as the distinguishing
components.
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