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A B S T R A C T Methods for quantitation of the major
apoproteins of human serum very low density lipoprotein
have been developed employing tetramethylurea, which
delipidates the lipoprotein and selectively precipitates
apolipoprotein B. Six soluble apoproteins are separated
by electrophoresis in polyacrylanide gel. One of these
is a previously unrecognized species of R-alanine (R4-
alanine), more anionic than the R3-alanine polypeptide.
Conditions of staining have been found wlhich yield re-
producibly linear chromogenic response with native lipo-
protein and with each purified apoprotein. Recovery of
protein in the seven species measured accounts for over
97% of the total in the very low density lipoprotein of
normolipidemic individuals and in most samples from
individuals with endogenous hyperlipenmia.

The mean content of apolipoprotein B in 43 samples
from normolipidemic subjects Nas 36.9(±+1.2 SEM)%
of total protein. The distribution of the major soluble
apoproteins as mean (+SEMI) percentage of the solu-
ble fraction was: R-serine, 5.3+0.5; arginine-rich, 20.6+
1.0; R-glutamic, 10.6+0.4; R2-alanine, 28.3±0.7; R3-ala-
nine, 26.9+0.5; and R4-alanine, 8.0+0.5.

Distribution of the apoproteins was a function of par-
ticle diameter of very low density lipoprotein in frac-
tions separated by gel permeation clhromatography
and by density gradient ultracentrifugation. In fractions
below 700-800 A, apolipoprotein B comprised an in-
creasing percentage of the total protein with decreasing
particle diameter. Among the soluble proteins the per-
centage of the arginine-rich and R-serine polypeptides
increased and that of the R-glutamic polypeptide declined
progressively with decreasing particle size. Apoprotein
distribution was similar in fractions of similar particle
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size from normolipidemic and hyperlipemic subjects with
the exception that all fractions from the hyperlipemic
subjects contained more R-serine and some, more argi-
nine rich polypeptide. Even in the absence of chylomi-
crons, the distribution of soluble apoproteins in par-
ticles of diameters greater than 700-800 A was usually
similar to that of the smallest particles. This suggests
that the largest particles may include products of the
partial catabolism of chylomicrons.

INTRODUCTION
The protein moiety of very low density lipoproteins
(VLDL)1 of human serum contains several discrete
polypeptides. One of the predominant species, apolipo-
protein B (apoB), which appears to be identical with
the major apoprotein of low density lipoprotein (LDL)
(1), is insoluble in aqueous buffers after delipidation.
Several water-soluble polypeptides denoted by their
carboxyl termini as the "R-serine," "R-glutamic acid,"
and "R-alanine" species (2-4) and a major apoprotein,
rich in arginine (5) have, together with a number of
minor elements, been isolated by ion exchange chroma-
tography. A physiological role, that of activation of lipo-
protein lipase, has already been assigned to one of the
apoprotein species of VLDL, the R-glutamic polypeptide
(6).

Until this time, only immunochemical techniques have
been available for quantitation of some of the soluble
apoproteins in VLDL. These techniques are subject to
the criticism that immunoreactivity may be incomplete
in both native and partially delipidated lipoproteins.
This criticism also applies to the immunochemical de-
termination of apoB. Measurement of apoB content by
gel permeation chromatography (3) is complicated by

1 Abbreviationts used in this paper: apoB, apolipoprotein
B; LDL, low density lipoprotein(s); TMU, 1,1,3,3-tetra-
methylurea; VLDL, very low density lipoprotein(s).
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poor resolution of apoB and the arginine-rich polypep-
tide, and gravimetric measurement (7) is too laborious
for examination of large numbers of samples.

A method for determination of the content of apoB in
LDL and VLDL using the denaturing solvent 1,1,3,3-
tetramethylurea (TMU) has been described (8). In
this report we describe improved conditions for the de-
termination of apoB and a practical technique for the
quantitative determination of the major soluble apopro-
teins of VLDL. TMUrapidly and quantitatively delipi-
dates serum lipoproteins (8) and provides the basis for
determination of apoB content by selective precipitation.
Under carefully controlled conditions the soluble apopro-
teins, after delipidation by TMU, migrate quantitatively
within reproducible Rf zones upon electrophoresis in
polyacrylamide gels. Conditions of staining and destain-
ing have been found which provide linearity of photo-
metric response over a wide range for all the major solu-
ble apoproteins. Determination of the absolute chromo-
genicity of the purified apoproteins permits quantitation
of each in the electrophoretic gels. The distribution of
the major apoproteins is presented for whole human
serum VLDL from normolipidemic subjects and for
fractions of VLDL of different particle diameters.

METHODS
Materials

Reagents were as described previously (8) except that
TMU was redistilled monthly in glass and stored under
nitrogen in the dark at 3°C. TMUwhich is suitably purified
has a pH of 6.0-7.0 when diluted fivefold wih water.
Amidoschwarz lOB, lot no. 0766421, was from the Allied
Chemical Corp., Morristown, N. J.

VLDL (d < 1.006) and LDL (1.024 < d < 1.050) were
prepared from serum obtained from subjects who had fasted
for at least 14 h by repetitive ultracentrifugation as de-
scribed previously (8). All lipoprotein solutions contained
EDTA (1 mM) and sodium azide (0.2 mg/ml).

All normolipidemic donors were healthy students and
hospital personnel between 20 and 60 yr of age, with serum
levels of cholesterol and triglyceride below 250 and 140
mg/dl, respectively. To avoid preselection bias, blood was
drawn for the preparation of whole VLDL and VLDL sub-
fractions from putative normal donors without pretesting.
Preparations from all subjects with serum lipid levels be-
low the limits given above were then studied. Subjects with
hyperlipemia were free of known causes of secondary hyper-
lipidemia or serious disease other than atherosclerotic vas-
cular disease or gout. Serum was examined for chylomicrons
after standing overnight at 3°C (9) and by electrophoresis
in agarose gel (10). Samples containing detectible chylo-
microns were excluded.

Determination of the content of apoB in
lipoproteins
PROCEDURE

ApoB content is determined as the difference between the
soluble protein content of a lipoprotein solution treated
with 4.2 M TMU and an untreated sample. The protein

content of the untreated sample is measured by the method
of Lowry et al. (11). To minimize light scattering, non-
polar lipids are extracted in chloroform before colorimetry.

To delipidate the lipoprotein and precipitate apoB, the
lipoprotein solution containing 1 mMEDTA is diluted so
as to contain approximately 600 Ag of protein per ml. The
ionic strength must be > 0.05 and the pH between 6.0 and
9.0. The lipoprotein solution and TMU are individually
brought to 37°C. 250 /41 of the sample is placed in a 10 X 75-
mmglass tube and 250 MAl of TMU is added with thorough,
immediate mixing by a mechanical vibrator. The mixture
is held at 37°C for 30 min. The tubes are then centrifuged
for 2 X 10' g-min at room temperature. The lipid-apoB
pellicle at the top of the tube is carefully lifted aside and
100-,ul aliquots of the clear TMIU-water phase are removed
and mixed with 400 ,ul of 0.15 M NaCl for determination
of soluble protein content by the Lowry technique, omitting
the extraction with chloroform. For the determination of
protein in the TMU-water solution, a second set of protein
standards is prepared containing 10% TMU.

Because of its ready solubility, hydrated bovine albumin is
used for working standards. Its water content is deter-
mined accurately by gravimetry and confirmed by Kjeldahl
analysis. It is stored in sealed containers. To correct to
absolute mass of apoB, a factor relating the chromogrenicity
of albumin to that of purified apoB, determined gravimetri-
cally and corrected for the mass of the carbohydrate moiety
(taken as 6.4%) (12-14), is used. The value of the factor
(albumin equivalent X factor = mass of apoB) for anhy-
drous albumin is 1.00 (mean of four preparations). The
factor for salt-free anhydrous protein of the whole TMU-
soluble fraction of VLDL, determined by assuming 5.3%
carbohydrate (15), is 1.16 (mean of three preparations).
The three values obtained all fell within 1% of the mean,
including one from a patient with primary dysbetalipopro-
teinemia.

VALIDATION

The present method, modified from that published previ-
ously (8), was validated in three ways. First, the total amino
acid composition of the TMU precipitate was compared
with that of the TMU-insoluble apoprotein of LDL (1.024
< d < 1.050), which is assumed to be pure apoB, and of
the whole protein moiety of VLDL. VLDL and LDL were
delipidated at 37°C as above and the TMU-water phase was
removed. The precipitate was dispersed with a glass rod,
washed with 4.2 MTMU, and extracted overnight with 3: 1
ethanol-diethyl ether. The ratio of ethanol to ether was
then decreased to 2: 3 to precipitate alcohol-soluble apo-
proteins (16). The precipitate was extracted again, washed
with ether, dried, and hydrolyzed in 6 N HCl (17). Pre-
liminary experiments showed that even trace amounts of
TMU resulted in nearly total loss of tyrosine and partial
loss of cysteine and methionine. With bovine albumin it was
found that the addition of 1 mg of phenol to the hydrolysis
tube gave quantitative recovery of tyrosine. The amino acid
compositions of the whole apoprotein of VLDL obtained by
precipitation with 3: 1 ethanol: ether and those of the TMU
precipitate from both LDL and VLDL were determined
with a Beckman model 121-M amino acid analyzer (Beck-
man Instruments, Inc., Spinco Div., Palo Alto, Calif.) (17).

Second, TMU-insoluble material from VLDL was pre-
pared as above and extracted twice with the same organic
solvents. The protein was solubilized with decyl sulfate and
subjected to gel permeation chromatography on Sephadex
G-100 (Pharmacia Fine Chemicals, Inc., Piscataway, N.J.)
(3).
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Third, to determine the extent to which soluble apopro-
teins might become immured in the apoB-lipid precipitate,
samples of VLDL, with protein contents varying from 1.0 to
1.5 mg/dl, were delipidated with TMUas in the technique
for determination of apoB at 13, 23, 30, 37, and 45'C. The
precipitates were wNashed with 4.2 M TMU, and the lipids
were extracted with ethainol: ether as above. The protein
was dispersed in 0.04 MI Tris-glycine buffer, pH 8.91, con-
taining 8 M urea, and the content of soluble apoproteins
was determined by electrophoresis as described below.

Quantitation of TMU-soluble apolipoproteins of
VLDL
PROCEDURE

Preparationis. VLDL solutions contain no more than 1.5
mg of protein per ml. Ionic strength must be at least 0.05
and the pH 6-9. 50-150 A.tg of total TMIU-soluble protein is
optimal for photodensitometry. Sample volumes should not
be less than 50 jul because the dilution of TMIU by buffer
from the surface of the stacking gel wtill cause impaired
delipidation. The maximum practical application volume is
400 ul.

Gels. Gel tubes are 6 X 135-150 mm. Running gels are
100-120 mmin length to permit longer migration and im-
proved photometric resolution. Stackiing gels are 10 mm in
length.

Delipidationi. Delipidation is carried out on top of the
stacking gels, eliminating losses in transfer. VLDL samples
are pipetted onto the gels and an equal volume of pure
TMIU is mixed rapidly with each sample immediately, with
a Pasteur pipette. After delipidation, reducing solution and
tracking dye are added to all specimens (8). 11,th vol of
sucrose solution (80% wt/vol) is then added with mixing
to increase the density of the TMIIU-w,ater plhase so that
the upper tank buffer can be layered over it.

Electrophoresis. Upper tank buffer, pH 8.91, is carefully
layered in the gel tubes over the mixture on the top of the
stacking gels (8). The upper buffer tank is filled so as to
avoid disturbing the layers in the gel tubes, and a constant
current of 1.25 mA per gel is applied immediately. When
the tracking dye has entered the stacking gel, the upper
buffer is removed and replaced by upper tank buffer which
has been titrated to pH 9.7,2 and the current is increased
to 2.5 mA per gel. Electroplhoresis is stopped 30 min after
the tracking bands have emerged from the bottoms of the
running gels.

Staining. The precipitated apoB and lipid are carefully
washed off the top of the gels with a jet of water from a
needle. The gels are removed with a stream of water from
a 10-cm, 18 gauge needle with a flat tip. The needle is
advanced from the bottoms of the gels in order to avoid
transferring any remaining apoB from the surface of the
stacking gel onto the runniing gel. The gels are stained ill
a solution of 1% Amidoschwarz lOB dye (wt/vol) in 7%
acetic acid (vol/vol) for 18 h in 16 X 150-mm tubes. They
are then destained in a circulating destainer (Hoefer Sci-
entific Instruments, San Francisco, Calif.) without the
charcoal filter with 7% acetic acid solution which is changed
after 5 h and again after ain additional 18 h. The gels
are then held in an equilibration solution of 7% acetic
acid containing 0.5 mg/liter of Amidoschwarz dye in the
destainer for 24 h. Staining and destaining are carried out

2 The increased pH is necessary to increase the mobility
of the R-serine polypeptide so that it separates from the
stacking gel for precise densitometry.

at 23±2°C. Gels are stored in the equilibration solution
protected from light. Densitometric scanning is performed
with an integrating densitonmeter (model 445, Clifford In-
strumenits, Inc., Natick, 'Mass.) using a beam width of 3
mm. The instrumiienit is calibrated with a neutral density
incremental filter.

DETER-MIN-ATION OF ABSOLUTE CHRONIOGENICITIES AND
RANGESOF LINEARITY

Authentic polypeptide standards were prepared from
VLDL separated from the serum of subjects with endoge-
nous hyperlipemia (2-4, 8, 18). Identity and purity of apo-
protein standards was established by electrophoresis in the
polyacrylamide gel system and by amino acid analysis. The
purified apoproteins wvere quantitated as aminoacyl mass
from the amino acid analysis after correction for tryptophan
content using published values (5).

Absolute chromogenicities were determined for at least
three preparations of each major polypeptide species by
using multiple points in the range of linear densitometric
response. Ranges of linearity were established by analyses
of both purified polypeptides and native lipoproteins in the
gel system in dilution series of 20-fold or greater.

The identity of proteins in the bands separated from
VLDL in the TMU-polyacrylamide gel system describeed
above was determined in representative gels by analysis of
the amino acid content of excised bands by the method of
Houston (19). When this teclhnique was applied, a-amimio-
butyric acid was used in place of glycine in the electro-
phoresis buffer (the pKa of the aimiino group of a-amimo-
butvric acid is identical to that of glycine, and it can be
resolved from glycinie in aminio acid analysis).

An additional protein band precediing R-alanine by the same
initerval that separates the R,-alanine and R2-alanine bands is
resolved by electrophoresis after delipidation with TMIU.
To measure the contributioni of sialic acid to its charge,
pIreparatiOns riclh in this band were incubated with Vibrio
cholerae neuraminidase (20) (Calbiochem, San Diego,
Calif.). VLDL containiing 1 mg of soluble apoprotein in
0.2 N sodium acetate buffer, pH 6.5, containing 0.004 'M
CaCl2 and 5 Mug/ml chloramphenicol was incubated at 37°C
with 20 U of the enzyme. Duplicate saniples were removed
for gel electrophoresis after 3, 6, and 24 h.

Fractionation of VLDL on the basis of particle
size

GEL PERMEATION CIIROM ATOGRAPII Y

VLDL were applied to a column of 2% agarose beads
(21) and elutedI in 0.2 N NaCl containing 1 mMI EDTA
and 0.02% sodium azidle at pH 7.0. After passage of the
void volume, each succeeding group of five tubes was pooled.
Five such POOIS of 41 ml were each concentrated in an ultra-
filtration cell (UM 2 or 10 memiibrane, Amicon Corp., Lex-
ington, Mass.) for delipidation and electrophoresis.

DENSITY GRADIENT ULTRACENTRIFUGATION

VLDL were subj ected to preliminary ultracentrifugation
in a 40.3 rotor at 20,000 rpm and 12'C in a Beckman
model 2-65B ultracentrifuge (Beckman Instruments, Inc.,
Spinco Div.) for 15 min to remove any floating denatured
or aggregated material or chylomicrons. After removal of
the top 0.5 ml, the density of the VLDL solution was in-
creased to 1.065 and it was placed in A% X 31-inch thick-
walled cellulose nitrate tubes (Beckman Instruments, Inc.,
Spinco Div.). The gradient was layered as described by
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Lindgren et al. (22). The tubes were centrifuged at 35,000
rpm in a Beckman SW41 rotor. Samples of 1 ml were
removed from the top of the gradienit after 90 mIi (frac-
tion I) and 210 min (fraction II). A final sample of 2.0
ml, fraction III, was removed after an additional 10 h of
ultraceintrifugation.

Particle size was determined by electron microscopy.
VLDL fractions were negatively stained with 2%o potas-
sium phosphotungstate (23) and photographed at 20,000 X
magnification. Diameters of 200 particles from each fraction
were measured on the negatives by using an optical micro-
comparator (Nikon model 6C, Nippon Kogaku, Tokyo, Ja-
pan). Lipid composition of the whole VLDL and VLDL
fractions was determined as described previously (21). The
distribution of each apoprotein species as a function of
particle size was analyzed by the Kruskal-Wallis rank-sum
test (24).

RESULTS

Determination of apoB by precipitation with
TMU: purity of the precipitate
98% of the total protein of LDL was insoluble in

TMIU (SEM = 0.34, n = 5). Polypeptides with mobili-
ties identical to those of the R-serine, R-glutamic, and
R-alanine species in gel electrophoresis as described
above account for virtually all the remaining protein.
By contrast, the protein of all density fractions of high
density lipoproteins is essentially completely recovered
in the TMU-water phase.

The amino acid compositions of the TMU-insoluble
fractions of LDL and VLDL are shown in Table I, to-
gether with the composition of whole apo-VLDL. Be-
cause of variable recovery of cysteine and methionine in
the presence of traces of TMU, these amino acids have
been omitted from the comparison. The composition of
the protein precipitated by TMUfrom VLDL resembles
very closely that of the TMU precipitate from LDL
prepared between densities 1.024 and 1.050 (which is
assumed to be virtually pure apoB).

ApoB and the non-B protein of VLDL differ most in
their content of histidine, glutamic acid, proline, ala-
nine, isoleucine, and tyrosine. Contamination of the pre-
cipitate with non-B proteins would therefore cause the
content of at least some of these amino acids to differ
from apoB. The difference in the content of arginine of
the two preparations is such that contamination of B
protein by arginine-rich apoprotein in the precipitate
cannot exceed 1.5%.

Completeness of recovery of the soluble apoproteins in
4.2 MTMUappears to be thermally dependent. Values
for the whole TMU-soluble protein fraction are maxi-
mal in the region of 37°C and are 1-2% higher than
those obtained at 23°C. This difference is wholly at-
tributable to retention of arginine-rich polypeptide in
the lipid-apoB pellicle at lower temperatures. The mean
content of arginine-rich polypeptide in the pellicles from
two VLDL preparations delipidated at 13°C was 29%

TABLE I
Mean Total Anmino Acid Conmposition

TMUprecipitate
Whole

LDL* VLDL* apo-VLDLI

mol/03 mol mol/lO3moI

Lxvs 82.5i1.0 81.740.6 80.6
His 24.3+40.4 23.74+0.4 12.9
Arg 33.0+0.5 34.341.1 37.3
Asp 102.0 + 1.2 102.0+41.0 105.3
Thr 70.6+1.1 67.5+0.5 70.5
Ser 99.9+1.9 97.2+2.0 101.8
Glu 130.2+-0.9 133.04+1.4 150.4
Pro 39.2 +0.1 38.8 +0.2 50.1
Gly 50.2 40.2 52.6 +0.5 47.6
Ala 59.5+-0.8 62.8+-0.3 87.8
V'al 53.14+0.7 55.2+1.2 55.3
Ile 54.0+0.3 52.6+0.7 31.2
Leu 116.1+0.7 115.2+1.4 108.4
T- r 34.6+0.6 34.3+0.2 19.9
Phe 50.9+0.4 49.1 +0.5 42.7

* Mean of
(iSEM).

duplicate analyses on each of two hydrolysates

Mean of triplicate analyses on a single hydrolysate.

of that present in the original lipoprotein sample, whereas
only 2.8% remained insoluble at 23°C and only 0.3%
at 30°C and above.

Gel chromatography of the TMU-insoluble fraction
from VLDL yielded a single peak of protein at the void
volume corresponding to the behavior of apoB from
LDL. Like apoB from LDL this fraction retained im-
munoprecipitability by anti-LDL serum despite the pres-
ence of decyl sulfate.

Quantitation of soluble apoproteins
Resolution and identification of the major apolipopro-

teins. In Fig. 1 the gel electrophoretogram of a typical
preparation of normal serum VLDL is compared with
electrophoretograms of pure samples of the major soluble
apoproteins. The amino acid composition of the protein
in the major band near the top of the running gel deter-
mined by the method of Houston (19) agrees well with
that of pure R-serine. Fainter bands of additional in-
completely characterized apoprotein species often pre-
cede and follow the R-serine band. With the i2-alanine
peak as a reference, pure R-serine is restricted to the
Rf zone of 0.08 to 0.21 with the buffer systems de-
scribed above; hence, integration for R-serine area is
carried out between these limits. Below R-serine the next
major band, identified by its amino acid composition, is
the arginine-rich polypeptide. When present, serum al-
bumin and apoprotein A1 precede it. A second ultracen-
trifugation of VLDL eliminates the former. The latter

Apoprotein Composition of Very Low Density Lipoproteins of Human Serum 1625
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FIGURE 1 Polyacrylamide gel electrophoresis of pure
VLDL apoproteins and whole apo-VLDL. Left to right:
R-serine, arginine-rich polypeptides, whole apo-VLDL, R-
glutamic, and R3-alanine polypeptides. In the center gel
(whole apoVLDL) the five major bands are, from top to
bottom: R-serine, arginine-rich, R-glutamic, R2-alanine, and
it-alanine polypeptides.

is seldom observed in amounts exceeding a fraction of
1% of soluble apoprotein in VLDL uncontaminated by
chylomicrons. The Rr zone for pure arginine-rich poly-
peptide, with the iz2-alanine band as reference, is 0.30-
0.43. Below the arginine-rich polypeptide is the R-glu-
tamic polypeptide (the third major band from the top

OD

Troverse of Scanner, cm

FIGuRE 2 Photodensitometric scan of gel electrophoreto-
gram, whole apo-VLDL from a normolipidemic subject.
Ordinate: OD at 600 nm. Top of gel is at left, abscissa is
the distance from the top of the running gel in centimeters.
The major peaks, from left to right, are the R-serine, ar-
ginine-rich, R-glutamic acid, and R,-, R3-, and Ra-alanine
species. Densitometric areas for the R-serine and arginine-
rich species are delineated by the Rt zones 0.08-0.21 and
0.30-0.43, respectively. Areas of the more anionic species
are delineated at the minima between the peaks.

in the third gel, Fig. 1), and below it are the R-alanine
species. The amino acid composition of a band below
the R3-alanine band agrees well with those of the R-ala-
nine species. It is hereafter referred to as "R4-alanine."
(After incubation of VLDL with neuraminidase this
band and the R3-alanine band disappear entirely with the
appearance of a large band just below the usual position
of the R-glutamic polypeptide. However, a minor band
with the mobility of R2-alanine persists.) Two additional
bands of faint intensity are sometimes encountered be-
tween the R-glutamic and R2-alanine bands and one just
above the R-glutamic band. Often a faint band occurs
just below the R4-alanine component as well. Sufficient
protein for amino acid analysis has not been obtained
from these minor bands. A typical densitometric scan
of the apoproteins of VLDL is shown in Fig. 2.

Chromogenicity and linearity. Absolute chromogenici-
ties with Amidoschwarz dye differ significantly among
the major apoproteins as shown in Table II. However,
there are no significant differences among the R-alanine
subspecies. Delipidation of increasing amounts of VLDL
with TMU in the gel system yields linear recovery of
R-serine, R-glutamic acid, and R-alanine species over a
wide range of concentration (Fig. 3). A linear response
is always observed with the R-alanine species over a
40-fold range or greater, from approximately 10 jg to
over 400 Ag. The R-glutamic polypeptide response is
linear between 5 and 75 Ag and the R-serine polypeptide
between approximately 4 and 30 tg when VLDL is de-
lipidated in the gel system. The upper limits for the latter
two polypeptides reflect the maximal amounts that can
be applied in whole VLDL because they comprise such
a small fraction of the soluble apoprotein.

Because so little R-serine is usually present in VLDL,
it is necessary to apply 200 Atg or more of soluble pro-
tein to an additional gel in order to achieve a precision
comparable to that obtained with the other soluble apo-
proteins. Pure delipidated arginine-rich polypeptide gives
a linear photometric response over the range of 4-150

TABLE II
Absolute Chromogenicities of the Principal Soluble
Apoproteins of VLDL Stained in Polyacrylamide

Gels with Amidoschwarz JOB

Number of
Apoprotein preparations Chromogenicity

OD-cm X 10-5/jg
protein

R-Serine 4 1.36±40.1 1*
Arginine-rich 3 1.06 40.02
R-Glutamic acid 3 1.5940.10
R-Alanine (all) 4 1.0940.06

* ±SEM.
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Mg. However, when the total apoprotein content of the
native lipoprotein delipidated in the gel system exceeds
350 ug, recovery of this protein begins to decrease and
is 9% low at twice that level. Quantitative determination
of this apoprotein is thus routinely carried out on sam-
ples of VLDL containing less than 350 ug of total pro-
tein. The photometric response at such levels is linear
as shown in Fig. 3. Optimal quantitation of a prepara-
tion of VLDL with a high content of the arginine-rich
polypeptide and poor in R-serine thus requires analysis
at two levels of protein load.

Replication. Analysis of the percentage composition
of the soluble apoproteins of two preparations of VLDL,
determined in quadruplicate in four successive runs, gave
the following average within-run coefficients of variation:
m2-alanine, 4.5%; Ra-alanine, 3.7%; R4-alanine, 8.0%;
R-glutamic acid, 8.2%; arginine-rich polypeptide, 8.1%;
and R-serine, 8.0% (200 yg soluble protein loaded on gels) .
Within-run and between-run errors were partitioned out
by analysis of variance. Between-run error was smaller
in all cases except for Pa-alanine, in which it equalled
within-run error. Absolute band absorbancies deter-
mined by rescanning gels after storage for 1 yr in the
dark in the equilibration dye solution at 23°C were vir-
tually identical with those of the original scans. With the
exception of the partial conversion of nz- and R4-alanine
to slowly migrating R-alanine species at 3°C (see below)
no significant differences were found in recovery of the
apoprotein species between samples frozen at - 20°C and
those held at 3°C for 3 days. Also, the gel patterns were
unchanged by storage of VLDL at - 20°C for at
least 6 mo. No differences were observed in the distri-
bution of apoproteins in VLDL from serum and from
plasma (prepared with 6 mMEDTA) of individual do-
nors, including that of a patient with primary dysbeta-
lipoproteinemia whose VLDL contained approximately
four times the normal amount of the arignine-rich
apoprotein.

Recovery. The sum of the aminoacyl mass of the
soluble apoproteins recovered in the six major bands in
the gel system was compared in 20 consecutive prepara-
tions of VLDL from normolipidemic and hyperlipemic
subjects with the TMU-soluble protein fraction deter-
inined directly on the VLDL. Mean recovery was 95.3%
(±+1.3 SEM). No soluble apoproteins were detected
when the protein-lipid residue, extracted with ethanol:
ether and dispersed in 8 M urea, was subjected to elec-
trophoresis in the gel system without TMU.

Apoprotein distribution in normal VLDL
Because chromogenicity factors are not available for

most of the minor apoprotein elements and because the
protein recovered in the six major bands accounts for
over 95% of the total TMU-soluble apoprotein mass,
the amount of each individual protein species is ex-
pressed as a percentage of the total of the aminoacyl
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mass in the six banids. This moode of expr-essioni facili-
tates comparison of the distribuition of these apopro-
teins whleni the percelnt of total apoprotein that is TMU
soluble clhanges. The mean distribtitioni of these apopro-
teins in the soluble protein moiety aild the percenitage of
apoproteini milass represelnted by apoB in VLDL from 43
normolipidemic fasting subjects (20 mlale, 23 female)
are shown in Table MII. Particle size distribution wvas
examined by electron microscopy in 12 of these subjects.
At least 98% of the particles were bet-een 250 and
500 A in diameter for each subject. The average mean and
median diameters were 364 A ±7 SE.MI and 343 A ±8
SEM, respectively. The portion of total apoprotein rep-
resented by apoB in VLDL from normiial individuials is
relatively closely distributed about a mean of approxi-
mnately 37%. VLDL from hyperlipeimiic individuals (even
in the absence of chylomicronemiiia) often conitaiin con-
siderably less apoB relative to soluible protein and a
perceintage of polar constituenits (21) conisistent w-itlh a
larger meani particle diameter. The R-alanine species
togetlher comlprise over 60% of the soltuble protein imlass
or about 40% of the total protein moiety. Freshly pre-
pared VLDL may have a sliglht predomiinance of either
the R2-alanine or R3-alanine apoprotein. With storage
at 3°C the R-alanine subspecies of greater mobility are
progressively lost with a concomitaint increase in R2-ala-
nine. While the content of R--alanine decreases visibly
within a day or two, the decrease in the area of R:-ala-
nine proceeds somewhat more slowly. This change in
mobility, presumably reflecting spontaneouis desialation,
is not observed in VLDL frozen at - 20°C. The R-gltI-
tamic and arginine-rich polypeptides comprise about 11
and 21% of the TMLT-soluble protein and 7 and 13% of
the total protein moiety, respectively. R-Seriine is the
most variable in its representatioin. It never exceeds
10% of the TMIU-soluble protein and is alimost uindetec-
tible in some preparations of normal VLDL.

Distribution of apoproteins in VLDL of different
mean particle diameters

A representative examlple of particle diameters of
fractions of VLDI from a hyperlipemic doonor, separated

by gel permeationi chromiiatograplhy in agarose gel, is
presented in Fig. 4. Electron photomicrographs of the
preparations are show\-n on the right and particle size
frequiency distribtitions on the left. NLDL prepal-ed froml
all normolipidenmic subjects emerged mainly in the last
two fractions. In several of them there w-as insutfficienlt
material for analysis in the first fraction or tw-o evsen
thouglh the VLDL originally present in a unit of blood
wvere applied to the column. Among the five hy\,per-
lipemic subjects two distinct patternis of distribution were
observed. TwN-o stubjects had relatively small amounits
of lipoprotein in the first two fractions xvhereas the otlher
three had abundaInt miaterial in the region of the void
voltime. Howe-er, the particle sizes of the VLDL ap-
pearing in those fractions did not differ significanitly
from those found in the corresponding fractions of the
other twvo hyperlipemic subjects.

The distribution of the apolipoproteins in fractions
obtained by gel permeation chromatograplhy of VLDL
from the five hyperlipemic subjects is presented in Ta-
ble IV. Content of apoB increased uniformly and pro-
gressively from 13.5%G to 44.0%O of total protein w-ith
decreasing particle size from the void volume fraction
(fraction 1) througlh to the smallest particles (fractioni
5). The percentage of the R-glutamic polypeptide fell
progressively in all subjects between fraction 2 and
fraction 5 (11.2 to 6.8c' ), but the meani percentage was
lo\-er in fraction 1 than in fraction 2.

The percenitage of the argininie-riclh apoprotein also
increased with decreasiing particle diameter (fraction
2 to fraction 5) buit it w-as appreciably higlher in the
void volume fraction (fraction 1) than in fraction 2.
Of the four samples of the void volume (fraction 1)
whichlswere sufficieint for analysis, three contained a

higlher percentage of this apoprotein than that fotind
in the succeeding fraction. These -were from the three
subjects whose VLDL yielded a large amouint of ma-
terial in the void volume fraction.

The distribution of apoproteins in fractions of VLDL
from sevein normal donors separated on the same agarose
coltimn as the VLDL from the hyperlipemic stubjects is
show-n in Table V. The mean percentage of apoB in-

TABLE III

Apoprotein Distribuition in Normal TLDL (43 Subjects)*

Per-cent of soluble protein$

R-Ser ArI-ginine-r-ichi R-Glu R2-Ala R3-Ala R4-Ala ApoB

',; of tolII

Mean4SENI 5.3+40.5 20.6±1.0 10.6±0.4 28.3+0.7 26.9+0.5 8.0+0.5 36.9±1.2

* Duplicate or triplicate analyses were made on each preparation.
t Total soluble protein is taken as the sum of mass of the six soluble apoprotein species shown.
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FIGURE 4 Distribution of particle diameters in fractions of a representative sample of VLDL
separated by gel permeation chromatography in 2% agarose. First fraction (void volume frac-
tion) is at top followed below by successive fractions denoted by arabic numerals. Left: fre-
quency distribution of particles measured by electron microscopy. Right: corresponding electron
photomicrographs of the preparations, negatively stained with 2% potassium phosphotungstate
(X 20,000).

creased steadily with increasing elution volume. The percentage of the R-glutamic polypeptide declined with

higher percentage of apoB found especially in the last decreasing particle diameter (between fraction 2 and
two fractions of the normal VLDL compared to those fraction 4) in all subjects although absolute percentages
from the lipemic subjects may be attributable to a pre- varied substantially. In no fraction was the difference in
ponderance of smaller particles. In no fraction was the content of this apoprotein between normal and hyper-
difference in percentage of apoB between normal and lipemic VLDL significant. The percentage of arginine-
hyperlipemic VLDL significant by t test. The mean rich apoprotein in fractions 2, 3, and 4 of VLDL from
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TABLE IV
Distribution of Apoproteins in Fractions of VLDL Separated by Gel Permeation Chromatography

in 2%Agarose (Endogenous Hyperlipemia)*

Percent of soluble proteint Particle diameter

Fraction R-Ser Arg-rich R-Glu R2-Ala R3-Ala R4-Ala ApoB Median Mean

%of total A
protein

1 (4)§ 10.1I1.1I 26.743.2 8.841.8 27.042.7 19.6±1.0 7.3±0.2 13.5±3.0 899±34 917±39
2 (5) 9.6±1.3 17.4±1.1 11.2±2.0 31.6±1.6 23.5±1.9 6.7±1.4 15.3±4.2 682±31 684+32
3 (5) 8.4±1.5 21.3±2.3 8.8±1.7 28.8±1.4 25.0+1.7 7.7±1.4 24.8±3.3 523±23 538425
4 (5) 9.5±1.8 20.2±3.5 7.4±1.5 29.1±2.4 26.4±1.3 8.3±0.9 36.7±5.0 423+24 437±25
5 (5) 10.4±41.5 22.0+2.4 6.8±4-1.2 29.0± 1.9 25.6±2.0 6.2 ± 1.0 44.0±5.5 360± 17 367 ±31

* Duplicate or triplicate analyses were made on each preparation.
t Total soluble protein is taken as the sum of mass of the six soluble apoprotein species shown.
§ Number of individuals.

II ±SEM.

the hyperlipemic subjects exceeded that of the normo-
lipidemic subjects (t test: P <0.1, <0.005, and <0.1,
respectively). The mean content of R-serine increased
from about 2.5% to around 6% with decreasing diam-
eter in the normal VLDL. The percentage of R-serine
was appreciably higher in all fractions of VLDL from
the hyperlipemic subjects. With the exception of a single
fraction in one subject, all the fractions from each hy-
perlipemic subject contained more R-serine than the
mean of normals for that fraction. t test analysis yielded
the following P values for the difference of R-serine in
fractions 2 through 5, respectively: P < 0.005, < 0.005,
< 0.2, and < 0.05.

Rank-sum analysis showed the increases in the per-
centage of apoB in the total protein in gel chromato-
graphic fractions 2 through 5 for normal VLDL to be
highly significant (P < 0.005). The decline in the per-
cent content of the R-glutamic species in the same frac-

tions was also significant (P <0.05), but that for the
increase in content of R-serine was not. The sample of
fractions from the hyperlipemic subjects alone was too
small for analysis by the rank-sum technique. Because
the distribution of apoproteins was similar in fractions
2 through 5 in the hyperlipemic and normal subjects,
these data were pooled for rank-sum analysis. The pro-
gressive increase in the content of apoB with decreasing
particle size was highly significant (P < 0.005) as were
the decrease in the percentages of the R-glutamic species
and the increases in both the arginine-rich and R-serine
polypeptides wvith decreasing mean particle diameters
(P< 0.005 for all three).

A representative pattern of the particle size distribu-
tion obtained by density gradient ultracentrifugation is
shown in Fig. 5. The distribution of apoprotein species
in these fractions is presented in Table VI. Again, per-
cent content of apoB increased progressively with de-

TABLE V
Distribution of Apoproteins in Fractions of VLDL Separated by Gel Permeation Chromatography

in 2% Agarose (Normolipidemic Subjects)*

Percent of soluble protein$

Fraction R-Ser Arg-rich R-Glu R2-Ala R3-Ala R4-Ala ApoB

%e of total
protein

1 (2)§ 2.5 20.0 15.2 30.5 24.3 7.3 21.2
2 (5) 2.4 1.011 11.9±2.5 15.0±1.3 36.0±3.9 28.1 ±2.9 6.4± 1.2 21.9±2.8
3 (7) 4.3±1.1 10.8±1.8 10.9±0.6 39.0±2.9 28.1±1.9 6.8±1.0 32.4±4.0
4 (7) 6.6+0.7 11.5±2.6 9.9±0.8 38.1±2.9 27.7±2.0 6.5±0.7 53.9±6.0
5 (6) 5.6±1.3 18.5±4.5 10.1±1.3 34.5±2.5 26.4±3.1 4.8±0.8 59.9±5.1

* Duplicate analyses.
t Total soluble protein is taken as the sum of mass of the six soluble apoprotein species shown.
§ Number of samples.
11 ±SEM.
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FIGuRE 5 Distribution of particle diameters in fractions of VLDL separated by density gradient
ultracentrifugation. Top: fraction I, initial supernatant fraction (90 min of centrifugation at
35,000 rpm). Middle: fraction II, second supernatant fraction (210 min). Bottom: fraction
III, final supernatant fraction (10 h). Left: frequency distributions of particle diameters. Right:
corresponding electron photomicrographs of preparations negatively stained with 2% potassium
phosphotungstate (X 20,000).

creasing particle diameter (fraction I to fraction III).
The percentage of soluble protein represented by the
R-glutamic polypeptide fell and that of the arginine-rich
apoprotein in the soluble protein fraction rose in step-
wise fashion with decreasing particle size. Both the
mean particle size and the apoprotein composition of the
largest fraction obtained by density gradient ultracen-
trifugation suggest that the larger particles which eluted
in the void volume fraction on gel permeation chroma-
tography were excluded by the preliminary ultracentri-
fugation before the gradient separation was carried out.

The relative changes in the ratio of each of the four
major TMU-soluble apoproteins to apoB in a representa-
tive preparation of VLDL from a hyperlipemic sub-
ject in fractions varying in mean particle diameter from
671 to 340 A is shown in Fig. 6.

The content of all the soluble apoproteins relative to
apoB fell with decreasing particle diameter, with the

R-glutamic polypeptide falling most rapidly. However,
content of the arginine-rich apoprotein fell at an appreci-
ably different rate. The increase in the relative content
of R-serine in the smallest particle fraction over that in
the next larger particle size fraction as shown in this
figure was observed in three of five samples from hyper-
lipemic subjects.

DISCUSSION
The methods presented here permit the quantitative de-
termination of five major apoproteins in VLDL of hu-
man serum that account for slightly more than 97% of
the total apoprotein of normal VLDL and of most speci-
mens of VLDL from subjects with endogenous hyper-
lipemia. Under the modified conditions described above,
4.2 MTMUis a selective precipitant for apoB, provid-
ing a facile method for its determination in fractions of
VLDL or LDL. The requirement for ions in delipida-

Apoprotein Composition of Very Low Density Lipoproteins of Human Serum 1631



TABLE VI
Distribution of Apoproteins in VLDL Separated by Denssity Gradient L Itracentrifuagt ion

(Endogenous Hyperlipern il ) *

Percent of soluble proteinj Particle lianiet er

Fr-action R-Ser Arg-ricII R-GlU R2-Ala R:i-Ala.4-A1a' .\A)oB Median MeMlan

I (4) 7.941.511 10.4±2.6 12.6±1.9 38.5±2.1 25.0±1.3 5.5 ±.3 21.2+3.6 661 ±86 663+85
11 (4) 8.8±1.6 12.0±2.7 10.8±1.4 38.1 ±4.3 24.6±1.7 5.6±1.1 24.8±1.1 525±41 539±A41
III (4) 8.4±0.6 20.5±4.3 8.2±1.5 34.2±4.3 23.3±2.3 5.4±40.7 39.9+3.6 392427 400±424

* Duplicate or triplicate analy ses were niatle on each preparation.
+ Total soluble protein is taken as the sum of mass of the six solub)le apoprote'in specescs shown.
§ Number of samples.
11 ±SEM.

tion by this solvent is consistent wN-ith the hypothesis that
a significant part of the bonding of lipid to apolipoprotein
involves ionic interaction.

The precision of this technique is equal to that of the
Lowsry method if redistilled TMUis employed and the
temperature of delipidation is controlled. The factor de-
termined for chromogenicity of apoB relative to bovine
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FIGURE 6 Ratio of four apoproteins relative to apoB as
a function of particle size. For comparability, the ratio of
each apoprotein to apoB in each particle fraction is ex-
pressed as a percentage of the ratio of that individual apo-
protein to apoB in the largest particles (meani diameter, 671
A) taken as 100 (ordinate). The abscissa gives the mean
particle diameter of the fractioni. Each point is the mean of
duplicate determinations.

serulmi albtimin is appreciably hlighler tlhlan otlhers have
employed (2;5), but the sinmilar conitelnt of tyrosine in

)ovinie albtimin anlcl apoB suggests thlat it slhouild be of
the order observed. Extraction 1b clhloroformil before the
colorimletr-ic step in the procedtire reduces lighft scatter-
illg by lipids. Suclh scattering mav have accounted in part
for the low valuies reported previously. Failutre to deter-
minie the extenit of lhydration of staindard albiumliin would
contribuite fuirtlher error in this mieeasturenmenit.

Schonifeltl et al. lhave meiasured the percentage of total
protein that w-as detectible as apofl in five preparations
of VlIDL by radioimmunoassay (26). Tlhey founld 32.8%G
apoB witlh a rang-e of 29-42%-, whlichi agrees rather w-ell
w-itlh the imean of 36.9', fotild in the 43 normial samaples
of thlis sttl(Idv. On the otlher halnd Lee and(I Alautpovib
founld apol' to comprise 55% of total protein in six
specimelis of NVLDL bv a teclhniique of gravimietry alnd
nitrogeni deter-mliinationi (7) . Correction for protein-
bounld carbollhdrate yields a nmean of 51.5%-,, still ap-
preciably hlighler than fouind by the T_MU anld radioim-
munoass.av teclhniques.

Determliination of the major TAIU-soluible apoproteins
by qaiantitatiye densitomiietric scanning of polyacrylamide
gels is likewise a reproduicible teclmliiquie whenl dielipicla-
tion, staininig, and destainiing are strictly conitrolled. The
staininlg perio(d of 18 h followed by destaininig in the
presenice of an e(quiilib)ratilng stain soltutioni w-ithlini a rela-
tivelv narrowN, range of temperatuire is reqtiired for coIn-
sistent chromogenicity of the protein bands. Because of
v-ariation in scanner geometry and in stains, staildardiza-
tion witlh pturified apoproteins or with VLDL of known
composition is requiired. The relative migration of the
banids is iinfluienced by buffer pH and by gel conicenitrationi
so tllat Rf zones for authentic R-serinie aind argininle-
rich apoprotein nmust be determined under the precise
conditions employed. Some specimens of VLDL from
hyperlipemic individuals contain bands of tinusiual elec-
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troplhor-etic mobility. These banids can be identified by
coelectroplhoresis with purified apoproteins in electro-
phoretic systems of different pH or by excision of the
bands followxed by determination of the amino acid com-
position by the technique of Houston (19). This combi-
nation of techniques holds promise for the identification
of polymorphism among the apolipoproteins.

The quanititative measurement of apoprotein composi-
tion in this study establishes certain general character-
istics of whole normal VLDL. WNith the exception of the
R-serine species all specimens contain all the major
VLDL apoproteins. ApoB anid the R-alanine species
comprise nearly 80% of the total protein mass. Although
R-serine was one of the first soluble apoproteins to be
purified (3), it is a relatively minor component of nor-
mal VLDL. By contrast, the arginine-rich apoprotein
emerges as a major component of the soluble protein
fraction.

The R4-alanine species resolved by TMUdelipidation
represents a previously unrecognized entity. Its electro-
phoretic mobility is compatible with an increment of one
formal unit of charge over that of R3-alanine. WNhether
the minor band with electrophoretic mobility character-
istic of R2-alanine which remains after VLDL or pure
R3-alanine has been subjected to hydrolysis by neura-
minidase is due to incomplete desialation or instead re-
flects an additional variation in charge such as a desa-
mido species is indeterminate. Quanititative measuremenit
of the sialic acid content of purified R--alanine will be
required to establish the basis of its increased mobility.
The Ra-alanine apolipoprotein has been found in virtually
all specimens of freshly prepared normal VLDL. Its ab-
sence in previous studies of VLDL apoproteins is prob-
ably due to the rate of its spontaneous disappearance
relative to the time required for delipidation by techni-
ques previously in use. Appreciable conversion to slower
migrating species may also occur during ultracentrifugal
preparation of VLDL.

Apoprotein composition changes systematically with
diameter in particles below 700-800 A. Content of apoB
increases uniformly with decreasing particle diameter
in normolipidemic and hyperlipemic subjects alike, in
agreement with the observations of Eisenberg et al. (27)
in hyperlipemic subjects. Systematic changes also oc-
cur in the composition of the soluble protein fraction. In
both normolipidemic and hyperlipemic subjects, con-
tent of the R-glutamic apoprotein falls and that of the
arginine-rich apoprotein increases with decreasing par-
ticle diameter, whereas content of R-serine appears to
increase only in normolipidemic subjects. Also, content
of R-serine appears to be lower for all particle sizes of
VLDL in normolipidemic subjects. These observations
indicate the importance of careful evaluation of particle
diameter in the interpretation of apoprotein composition

of VLDL in variouis physiological anid patlhological
states.

The higlher relative content of the argininie-rich apo-
protein and, for hyperlipemic subjects, the lower rela-
tive content of the R-glutamic species in the largest par-
ticle fraction resemble the pattern of apoproteins in the
VLDL of the smallest particle diameter. This similarity
of soluble apoprotein composition between the largest
and smallest VLDL particles may reflect the presence of
partially catabolized lipoproteins in each. The larger
particles may include remnants of chylomicrons and the
smaller ones remnants of VLDL (28, 29). If the pro-
gressive changes observed with decreasing particle di-
ameter below 700 A represent the continuing process
of catabolism of VLDL, it is evident the soluble apopro-
tein species dissociate from the complex at individually
characteristic rates.
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