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A B S T R A C T Smaller very low density lipoprotein
(VLDL) remnants interact more readily with tissues
than do larger "intact" VLDL. This may be related to
changes in the availability of VLDL apoproteins on
the surface of the lipoproteins. To test this hypothesis
VLDL were incubated at 37°C with bovine milk
lipase (LPL), and the abilities of LPL-treated VLDL
preparations to compete with 1251-low density lipopro-
teins (LDL) for interaction with cultured normal human
fibroblasts were measured. At the same time, the
immunologic activities of these preparations were also
tested by double antibody radioimmunoassay. Tri-
glyceride (TG) contents of VLDL fell by 30-90%
during incubation with LPL and, on zonal ultra-
centrifugation, VLDL of faster Svedberg unit of
flotation (Sfl.063) rates (>150) were gradually con-
verted to smaller VLDL with lower Sf rates (21-60).
LPL-treated VLDL competed two to five times more
effectively with 1251-LDL for binding to cellular re-
ceptors than did control VLDL. Control VLDL incu-
bated with heat-inactivated LPL at 37°C, or with active
LPL at 4°C had unaltered cell reactivities and TG con-
tents compared with VLDL incubated without any
enzyme. The direct uptake and degradation of LPL-
treated VLDL was also assessed by using VLDL 125I1
labeled in apoprotein (Apo)B. LPL-treated VLDL-
1251-ApoB were taken up and degraded by fibroblast
at greater rates than were control VLDL-'25I-ApoB.
Thus, hydrolysis ofVLDL lipids was accompanied by
an increased ability of VLDL to interact with fibro-
blasts. The immunoreactivity of ApoB in the same
VLDL preparations, expressed as the "apparent ApoB
contents" of LPL-treated VLDL, increased by 10-50%
(P <0.02) in those assays that contained anti-LDL
antisera, but the ApoB of control VLDL remained con-
stant. However, assays that contained antisera directed
against ApoB isolated from VLDL did not distinguish
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between LPL-treated and control VLDL. Thus, VLDL
lipid hydrolysis was accompanied by changes in the
immunoreactivity of VLDL-ApoB, which probably re-
flect changes in the disposition of ApoB on the sur-
face of VLDL. The altered disposition of ApoB on
VLDL "remnants" may be related to their enhanced
interaction with cells.

INTRODUCTION

Very low density lipoproteins (VLDL)1 are secreted
by the liver as spherical particles that consist of lipids
and apoproteins, and chylomicrons and VLDL are
secreted by the gut (1, 2). Upon entering the plasma
compartment, these triglyceride (TG)-rich particles
undergo a series of transformations by means of
which they are converted progressively to smaller
particles-called intermediate density lipoproteins or
remnants-and finally to low density lipoproteins
(LDL) (3, 4). During catabolism there are net losses of
both core and surface components, e.g., TG and
phospholipids, respectively (5, 6). Apoproteins (Apo)C
and E too are lost, but ApoB remains with the
remnants.
VLDL remnants are taken up more rapidly by cells

in culture than are large VLDL particles (7), and
chylomicron remnants are removed much more rapidly
from the circulation by liver in vivo (8, 9) and in vitro
(10, 11) than are chylomicrons. Thus, partial lipolysis
of the TG-rich lipoproteins appears to be necessary
for their efficient uptake by cells. This is true for both
human and animal lipoproteins (12).
The uptake ofhuman and animal LDL by fibroblasts

and other cells occurs by adsorptive endocytosis via a

I Abbreivations used in this paper: Apo, apoprotein(s);
Chol, cholesterol; HDL, high density lipoprotein(s); LDL,
low density lipoprotein(s); LPDS, lipoprotein-deficient
serum; LPL, bovine milk lipase; PL, phospholipid(s); Sf,
Svedberg unit(s) of flotation; TG, triglyceride(s); TMU,
tetramethyl urea; VLDL, very low density lipoprotein(s).
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specific LDL receptor that is located in coated pits on
the surfaces of cells (13). The LDL receptor recognizes
two apoproteins-ApoB (14, 15) and ApoE (16)-both
of which are contained on VLDL and chylomicrons
isolated from human plasma (17). Human LDL (d 1.025-
1.050) contain only ApoB (18). The enhanced reactivity
of remnants with cells could be a result of several
changes which accompany remnant formation: (a) As
larger lipoproteins are converted to smaller remnants,
steric hindrance to their interactions with cellular
receptors could be reduced. (b) The selective retention
of ApoB in remnants could "concentrate" ApoB over
the surfaces of the lipoproteins. (c) The conformations
of binding sites of apoproteins could be altered as the
surface areas of the lipoproteins are reduced. (d)
Binding sites on apoproteins could be unmasked as a
consequence of the removal of lipids or proteins from
lipoprotein surfaces. It is difficult, by techniques avail-
able at this time, to distinguish among all of these pos-
sibilities. However, immunologic techniques do allow
one to assess the immunoreactivities of individual
lipoprotein-associated apoproteins (19), and to as-
certain whether the immunologically active regions on
apoprotein molecules are altered during lipoprotein
catabolism. At the same time, the interactions of the
lipoproteins with cellular receptors can be assessed.
The aim of this work was to ascertain whether the im-
munoreactivity of ApoB, a major protein in VLDL, was
altered during the course of VLDL lipid hydrolysis
and to assess whether this immunologic change coin-
cided with any alterations in the ability of VLDL to
interact with the LDL receptor on cells.

METHODS
VLDL were isolated from plasma by ultracentrifugation in
swinging bucket (SW40, SW27) or zonal (Ti 14) rotors in a
Beckman L265B ultracentrifuge (Beckman Instruments, Inc.,
Spinco Div., Palo Alto, Calif.) in salt gradients (20, 21).
Svedberg unit of flotation (Sf) > 100 fractions from swinging
buckets and Sf > 150 fractions from zonal rotors were used
as starting materials for bovine milk lipase (LPL) digestions.
Swinging bucket fractions were purified by column filtration
as follows: 1-ml VLDL aliquots, containing -2-3 mg ofVLDL
protein, were filtered on 0.7 x 40- or 60-cm columns of
Sepharose 2B (Pharmacia Fine Chemicals, Inc., Piscataway,
N. J.) (1 mM EDTA, 0.16 M NaCl, pH 7.4). VLDL eluted in
the first peak (280 nm). Zonal fractions were purified by
recentrifugation in the zonal rotor under the same conditions
used for the original isolations.
To produce VLDL remnants, aliquots of VLDL (-0.5 ing

protein/ml) were incubated at 37°C in Krebs-Ringer bicar-
bonate, pH 7.4, or in 0.2 NI Tris HCI, pH 8.2. Both buffers
contained 10% bovine serum albumin (Fraction V, Fatty Acid
Free, Miles Laboratories, Inc., Elkhart, Ind.). Bovine milk
lipoprotein lipase (prepared by heparin-Sepharose 4B affinity
chromatography [22], specific activity: 175-405 ,umol FFA/h
per ml) was added, and incubations were carried out for up to
10 h. Control VLDL were incubated at 4°C with active LPL,
at 37°C in the presence of inactivated LPL (50°C for 1 h or
23°C for 24 h), or at 37°C in the absence of LPL. All of these

controls gave identical results. At the end of incubation, tuibes
were placed on ice, and samples were taken for determination
of levels of ApoB and TG, and for incubation with cultured
human fibroblasts. In selected instances, LPL-treated VLDL
and control VLDL were refiltered on the Sepharose columns
or subjected to zonal ultracentrifugation. These fractions were
analyzed for their contents of apoproteins and lipids and also
incubated with cells.
TG and cholesterol (Chol) analyses were perfonred on chloro-

form-methanol extracts (23). Aliquots of organic phase, which
had been "washed" with 0.15 M NaCl, were dried under
N2, redissolved in isopropanol, and, after addition of zeolite,
processed on an AutoAnalyzer II (Technicon Instruments
Corp., Tarrytown, N. Y.) (24). TG, free, and esterified Chol
were also determined enzymatically (25, 26) (Boehringer
Triglyceride Kit 126012 and Cholesterol Kit 124087, Boeh-
ringer Mannheim Biochemicals, Indianapolis, Ind.). Phos-
pholipids (PL) were measured by the method of Bartlett (27)
on chloroforimi-methanol extracts (23). Protein was determined
by the Bensadoun and Weinstein modification (28) of the
method of Lowry et al. (29). Isoelectric focusing was done
according to Weidman et al. (30).
The immunologic reactivities of the ApoB in VLDL prepa-

rations were evaluated in double antibody radioimmuno-
assays (31), using 125I-LDL (d 1.025-1.050) labeled with
chloramine-T as tracer, and LDL as standard. Antisera were
produced in rabbits either against intact LDL (d 1.025-1.050),
or against ApoB isolated from VLDL by column chromatog-
raphy onl 2.5 x 90-cm columns of Sephadex G200 (Pharmacia
Fine Chemicals, Inc.), 0.05 NI Tris, pH1 8.6, 8 M urea, 1 mNil
Na decyl sulfate (32, 33). ApoB was in peak 1 (18). The ApoB
content of VLDL fractioins was also assessed by the method
of Kane et al. (34, 35) using tetramethyl urea (TMU). Anti-
ApoE antisera were produced against peak 2 of the Sephadex
G200 columiin which had been repurified on the same column.
ApoE migrated as a single band of -35,000 mol wt on
sodiumll dodecyl sulfate gel electrophoresis (36). Anti-
rabbit IgG was produced in goats.
Normal fibroblasts were derived from skin explants taken

from a 3-mo-old male, a 33-yr-old male, and a 40-yr-old female.
All normal lines gave similar results. Cell culture was as
described by Goldstein and Brown (37) and Ostlunid et al. (38).
Fibroblasts were grown for 6 d in 2 ml of Eagle's minimum
essential medium (Gibco Diagnostics, Chagrin Falls, Ohio)
that contained 50 ,ug/ml streptomycin, 50 U/ml penicillini,
1.24 ,tg/ml amphotericin B (Fungizone, E. R. Squibb & Sons,
Princeton, N. J.), and 15% fetal bovine serum (Gibco Diag-
nostics). The medium was then changed to 1 ml of Eagle's
mnedium that contained antibiotics and 2.5 mg/ml human
lipoprotein-deficient serum (LPDS), for 24 h before any ex-
periment.
At the beginning of experiments, the LPDS-containing

mediumn was removed, and each 35-mm dish received 1 ml of
fresh medium (LPDS) that containied 5 ,ug/ml 1251-LDL io-
dinated with iodine monochloride to specific radioactivity
-100 cpm/ng (39, 40) and the appropriate control or LPL-
treated VLDL preparation. In one experiment, 5 jig/ml VLDL-
'25I-ApoB was added directly. The cells were incubated at
40 or 37°C for 4 h, after which the experiment was termiinlated
by removal of the medium and placement of the dishes on
ice. The cells were washed (38) and dissolved in 1 ml of 0.1 N
NaOH for determination of cell-accumulated 1251-LDL. At
40C, these cell-associated counts represent 1251-LDL bound
to the cell receptors; at 37°C, the counts represent both cell-
receptor bound and intracellular 1251-LDL. 1251-LDL degrada-
tion products, soluble in 10% TCA, were determined in the
removed culture medium (37, 38). Blank dishes that contained
culture mediuim and 1251-LDL but no cells were routiniely
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FIGURE 1 Effect of lipolysis on the apparent concentrations
ofApoB inVLDL isolated by zonal ultracentrifugation. 4.1 mg
(determined as VLDL protein) of an Sf > 150 VLDL fraction
isolated from a hypertriglyceridemic plasma (see peak a,
zero min in Fig. 2) was incubated at 37°C with 1.5 ml of LPL
(specific activity: 175 ,umol FFA/h per ml) in 0.2 M Tris, pH 8.2,
9% bovine serum albumin for up to 10 h. Total incubated
volume was 30 ml. At the indicated times, aliquots were re-
moved for determinations ofTG and ApoB and for zonal ultra-
centrifugation (Fig. 2). R71 and R198 are anti-LDL antisera.
R161 and R162 are anti-VLDL-ApoB antisera.

employed. Noniodide TCA-soluble counts observed in blank
dishes were subtracted from those of experimental dishes.
Cell protein was determined by the method of Lowry
et al. (29).

RESULTS

Lipolysis of VLDL. When VLDL were incubated
with LPL, TG was progressively lost in all preparations.
Some lost greater proportions of their TG contents than
others over a 2-h incubation. Losses ranged from 30 to
90% of initial TG contents (Figs. 1 and 2, Table I). In
the swinging bucket Sf > 100 VLDL preparation,
-20% of the TG was hydrolyzed in 15 min and -90%
in 2 h (not shown). In the zonal rotor Sf > 150 prepara-
tion (Fig. 1), 7, 42, 76, and 89% ofTG were hydrolyzed
at 15, 90, 240, and 600 min, respectively.
LPL treatment of VLDL resulted in the production

of materials with markedly changed Sf rates (Fig. 2).
As TG hydrolysis progressed, the Sf rate of the starting
VLDL population dropped from Sf > 150 (peak a, zero
time) to Sf > 130 (peak b, 90 min) and to Sf > 95 (peak d,
240 min). A second population ofVLDL also appeared.
At 90 min (peak c) this peak had Sf rate of -75 and at
240 min an Sf rate of -50 (peak e). By the end of in-
cubation (600 min), the faster floating VLDL had dis-
appeared and all ofthe VLDL was found in the Sf21-60
range (peakf). These determinations of Sf rates were
carried out under rate zonal conditions. It was also
possible to demonstrate under equilibrium conditions
that the density of VLDL was altered by LPL treat-
ment. Whereas -90% of the control VLDL- 251-ApoB
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FIGuRE 2 Effect of lipolysis on the flotation rate of Sf (S0fl.o63)
> 150 VLDL. The Sf > 150 fraction (zero min, peak a) was
incubated with LPL. Aliquots were removed at the indicated
times and subjected to zonal ultracentrifugation under
conditions described by Patsch et al. (21). The aliquots ob-
tained at the various times were each spun under identical
conditions. The tubes indicated by the labeled bars were
pooled and tested for their reactivity with antisera and
with cells.

(see Fig. 6) floated in the top 1 ml ofthe tube after ultra-
centrifugation at d 1.006 for 20 h in a 65 rotor, only
2% of the LPL-treated VLDL-1251-ApoB floated at d
1.006 under identical conditions. The apparent Stokes
radii of VLDL were also reduced by LPL treatment,
i.e., on column chromatography the lipolyzed VLDL
was more retarded on the column than was the starting
material (not shown).

Lipolysis produced marked alterations in VLDL
compositions. For example (Fig. 2), zonal peaks a, d,
andf, respectively, contained 11.9, 15.0, and 18.6 per-
cent dry weight PL; 68.7, 53.8, and 37.6 percent dry
weight TG; 6.0, 8.10, and 11.9 percent dry weight
proteins; and 7.1, 14.9, and 20 percent dry weight Chol
esters. In these fractions, TMU-insoluble proteins
represented from 32 to 48 and 61% of total proteins,
respectively. Thus, lipolysis products were depleted of
TG and enriched in Chol esters, protein (particularly
ApoB), and PL.
Immunoreactivity oflipolyzed VLDL-ApoB. When

as little as -20% of the TG of an Sf > 100 swinging
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TABLE I
Alterations in VLDL-ApoB Immunoreactivity Produced by Lipoprotein Lipase

ApoB concentration

Anti-LDL Anti-ApoB
TG concen-

Inctibation conditions R71 R124 R198 R161 R162 R83 tration

pglml pg/ml

(a) VLDL alone 37°C 93+8 155+8 2,050
VLDL + LPL 370C 112+3* 149+8 700
VLDL + LPL 40C 101+7 144±+18 2,150

(b) VLDL alone 37°C 157±6 166±9 196±4 200+6 1,490
VLDL + LPL 370C 172+12* 167+12 187±4 201±6 310

(c) VLDL alone 370C 109±4 123±9 177+9 2,840
VLDL + LPL 370C 123+5* 137±9* 169±16 960
VLDL + inactive LPL 370C 105±4 114±5 173±15 2,380

(d) VLDL alone 37°C 67±5 60±2 62+4 1,290
VLDL + LPL 370C 73±3t 93+4* 60±5 917
VLDL + inactive LPL 370C 67±6 63±4 62±3 1,240

(e) VLDL alone 37°C 44±3 76±6 1,090
VLDL + LPL 370C 56±4* 74±5 732
VLDL + inactive LPL 370C 45+3 73±6 1,110

(f) VLDL alone 370C 49±4 48±5 880
VLDL + LPL 370C 77±6* 43±4 377

The ApoB contents of LPL-treated and control Sf > 100 VLDL preparations were assessed at the end of the incubations
by a radioimmunoassay specific for ApoB, using the indicated antisera, which were directed either against intact LDL or
against ApoB isolated from VLDL by column chromatography. Assays were run at five to seven doses in triplicate.
Results are ±+1 SD. Sf > 100 VLDL preparation a, b, c, d, e, and f were isolated from the fasting plasmas of subjects
with Types IV, IV, IV, Ila, IV, and IV hyperlipidemia, respectively.
* P < 0.01.
t P < 0.05.

bucket VLDL fraction had been hydrolyzed, the ApoB
concentrations of the LPL-containing incubation mix-
tures appeared to increase from 48 to 64 ug/ml
(P <0.01). Further hydrolysis of the lipids of this
VLDL preparation did not increase its apparent
contents of ApoB. This result was obtained in a
radioimmunoassay that contained an anti-holo-LDL
antiserum (R71). But in an assay run simultaneously
that contained anti-ApoB antiserum (R161), the ap-
parent contents of ApoB remained constant. No
changes in apparent VLDL-ApoB contents were de-
tected with either the anti-LDL or anti-ApoB antiserum
in control incubations carried out with inactivated LPL.
Analogous results were obtained with the Sf > 150
zonally isolated VLDL incubated with LPL (Fig. 1).
However, in this experiment, 10 h (rather than 2 h)
were required for 90% hydrolysis of TG. The ApoB
contents of this mixture rose from 22 to 26 ug/ml when
lipolysis was -30% complete, and to 31 ,tg/ml when
90% lipolysis had been achieved. The VLDL sub-
classes of this incubation mixture were isolated by
zonal ultracentrifugation and tested for immuno-

reactivity. ApoB contents appeared to increase with the
decreasing Sf rates (not shown).
The LPL-induced changes in TG levels and in the

ApoB immunoreactivities of six other VLDL prepara-
tions are shown in Table I. Each of the VLDL prepara-
tions was assayed with one or more anti-LDL and one
or more anti-ApoB antisera. In each case, when ana-
lyzed with the anti-LDL antiserum (R71, R124, R198),
the LPL-treated VLDL appeared to contain more ApoB
than did the non-LPL or the inactive LPL control
VLDL, whereas the assays that contained anti-ApoB
antisera (R83, R161, or R162) were not able to dis-
tinguish between the LPL-treated and control VLDL.
Antiserum R161 appeared to detect more ApoB in the
VLDL preparations than did other antisera.

It should be noted that these immunologic changes
were not a result of any proteolytic activity ofLPL (41).
'25I-LDL was incubated with or without LPL at 37°C
for 2 h. 85-87% of the 1251 counts were precipitable by
10% TCA in the LPL and 86% in the control incuba-
tions, respectively. The specificities of the radio im-
munoassays for ApoB should also be noted. The anti-
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TABLE II
Chemical Composition of VLDL Subfractions Isolated

from Plasma by Zonal Ultracentrifugation

FC* CEt TG PL Protein

% dry wt

VLDL, 4.7 78.1 9.5 7.6
VLDL2 4.4 6.4 70.7 10.7 7.7
VLDL3 5.1 12.2 61.2 12.6 8.7
VLDL4 6.0 11.8 56.5 14.7 10.9
VLDL5 7.0 16.2 48.4 15.9 12.3
VLDL6 7.1 20.1 44.5 16.4 11.9
VLDL7 7.7 24.9 35.7 16.6 14.8

* FC, free chol; CE, cholesteryl esters.
t Linoleate was used to correct CE into cholesteryl esters.

LDL and anti-ApoB antisera used in these experiments
bound <5% of '25I-ApoE, and in the assays unlabeled
ApoE displaced <1% as many 1251-LDL counts per unit
protein mass as did unlabeled LDL.
LPL-induced changes in the immunoreactivity of

VLDL-ApoE were also sought. These competitive
assays contained 125I-ApoE, rabbit anti-human ApoE,
VLDL, and goat antirabbit IgG in 0.05 M barbital, pH
8.6, 3% bovine serum albumin. (Details of the ApoE
assay will be published elsewhere.) In assays carried
out with two different anti-ApoE antisera, the com-
petitive displacement curves produced by LPL-
treated and control VLDL were identical (not shown).

Characteristics of Sffractions isolatedfrom plasma.
We wished next to assess whether the LPL-altered
immunoreactivities of VLDL-ApoB produced in vitro
were reflected in vivo. Because particles with lower
flotation rates are thought to be produced from particles
with faster flotation rates in plasma by the action of
LPL (5, 42), we isolated various Sf fractions from

plasma. Three VLDL subfractions, Sf > 100, Sf 60-100,
and Sf 20-60, were isolated from the plasmas of
two hypertriglyceridemic subjects by density-gradient
ultracentrifugation in swinging buckets, seven Sf sub-
fractions were isolated from another hypertriglyc-
eridemic plasma by zonal ultracentrifugation. The TG:
Chol and TG:protein mass ratios and the mean di-
ameters of the swinging bucket isolates were signifi-
cantly different from each other, e.g., TG:Chol mass
ratios of Sf > 100, Sf 60-100, and Sf 20-60 fractions
were 5.1-7.1, 2.7-5.9, and 1.4-2.7, respectively. TG:
protein ratios of the same fractions were 9.7-11.5,
6.1-8.8, and 2.8-3.6. This suggested that the desired
subfractionation of VLDL indeed had been obtained.
Similarly, the composition of the zonal fractions also
differed from each other and greatly resembled those
reported by Patsch et al. (21) (Table II). Patsch et al. (21)
also have demonstrated that zonal VLDL fractions ob-
tained under conditions identical with those used here
also differ from each other with respect to Sf rates and
Stokes radii.
The apparent ApoB contents of the VLDL subfrac-

tions, as determined by the TMU technique, ranged
from 32 to 79% of VLDL-protein for the highest to
the lowest Sf fraction (Tables III and IV). (By com-
parison, 98% ofLDL-protein [d 1.025-1.050] and <2%
of HDL protein [d 1.085-1.195] were TMU precipi-
table.) However, the amounts ofApoC relative to ApoE,
by isoelectric focusing, were the same or increased in
the Sf fractions. (Dye uptake ratios ofApoC:ApoE were
1.8, 2.0, 1.8, 1.8, 2.1, and 2.8 for VLDL,-6 of Table IV,
respectively.) Thus, there appeared to be selective
increases in ApoB and drops in ApoC and ApoE as
Sf rates fell.
Immunoreactivities ofVLDLfractions isolatedfrom

plasma. Those assays that contained anti-LDL anti-
sera (R71, R124, R198) underestimated the ApoB con-

TABLE III
ApoB in Human VLDL Subfractions Isolated in a Swinging Bucket Rotor

Anti-LDL Anti-VLDL-ApoB

TMU precipitable R71 R124 R161 R162

S, subfractions VLDL preparation No.... 1 2 1 2 1 1 1 1

% of protein % of protein

Sf > 100 32 52 17 (53) 24 (46) 18 (56) 35 (109) 56 (108) 28 (88)
Sf 60-100 43 64 22 (51) 39 (61) 24 (56) 47 (109) 67 (105) 37 (86)
Sf 20-60 62 79 48 (78) 63 (80) 43 (70) 69 (111) 83 (105) 63 (102)

VLDL density subfraction preparations 1 and 2 (Table II) isolated by density-gradient ultracentrifugation in an SW41 rotor were
used in these experiments. VLDL protein was determined by the method ofLowry et al. (29). ApoB contents were measured by
radioimmunoassay (RIA) using the antisera as described in Table I and the text. The fraction ofVLDL protein insoluble in 50%
TMU was also determined. The insoluble fraction is thought to represent ApoB. Results are ApoB (RIA) as percentage of total
protein (e.g., Sf > 100 = ApoB x 100 - Sf > 100 protein), and ApoB (RIA) as percentage of TMU-precipitable fraction
(RIA x 100 + TMU); the latter in parentheses.
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TABLE IV
ApoB in VLDL Subfractions Isolated from Plasma

by Zonal Ultracentrifugation

Anti-LDL Anti-VLDL-ApoB
TMU

precipitable R71 R198 R161 R162

% of protein % of protein

VLDL, 32 19 (59) 21 (65) 30 (94) 26 (80)
VLDL2 40 29 (72) 32 (71) 43 (107) 33 (82)
VLDL3 44 41 (93) 31 (89) 51 (115) 39 (88)
VLDL4 53 46 (88) 48 (89) 57 (107) 46 (86)
VLDL5 62 59 (95) 55 (88) 60 (96) 53 (85)
VLDL6 68 67 (98) 63 (93) 74 (108) 63 (93)
VLDL7 77 68 (88) 61 (80) 77 (100) 65 (84)

VLDL density subfractions were isolated from the plasma of
a subject with Type IV hyperlipoproteinemia in Ti 14 zonal
rotor. Results are expressed as in Table III.

tents of each Sf fraction in comparison with the TMU
technique (Fig. 3, Tables III and IV). The greatest
degree of underestimation occurred with the fastest
floating fractions and the least with the slowest frac-
tions. In contrast, the radioimmunoassays that con-
tained anti-ApoB antisera (R161, R162) appeared to
detect more ApoB in each Sf subfraction, and the
amounts ofApoB detected were more comparable with
the amounts detected by the TMU procedure. Similar
results were obtained with another VLDL preparation
isolated by the zonal technique (not shown).
VLDL interactions with skinfibroblasts. The abili-

ties of LPL-treated VLDL preparations to compare
with 125I-LDL for uptake and degradation by fibroblasts
at 37°C was compared with the activities of control
VLDL incubated without LPL (Fig. 4) or with inactive
LPL (not shown). For these experiments, small aliquots
(10-250 ,u) of the incubation mixtures were added
directly to the media bathing the cells. LPL treatment
increased the competitive capacities ofVLDL prepara-
tions. For the four Sf > 100 (swinging bucket) VLDL
preparations studied. Two to five times as much control
VLDL protein as LPL-treated VLDL protein was re-
quired to obtain equivalent degrees of inhibition of
'251-LDL uptake or degradation. To control for any
effects of LPL in the VLDL-LPL incubation mixture
on the cells themselves, cell monolayers were pre-
incubated for 4 h at 37°C with the maximum amounts
of LPL which would have been added along with the
LPL-treated VLDL. Cells were washed with saline and
the uptake and degradation of 1251-LDL were assessed.
Results differed from those of non-LPL control cells
by <10%. LPL-treated and control VLDL were also
filtered on a column of Sepharose 2B in an attempt to
separate lipoproteins from LPL or from any smaller
catabolic products (e.g., FFA, PL) before incubating
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FIGURE 3 Competitive displacement curves produced by
VLDL subfractions isolated from a hypertriglyceridemic
plasma. Two assays are shown: one contained R71-4, an anti-
LDL antiserum; the other contained R161-1, an anti-VLDL-
ApoB antiserum. 125I-LDL, LDL standard, and VLDL-7 were
included in each assay. The ApoB content of each fraction
was assessed by TMU (34, 35) and is shown on the abscissa.
For the sake of clarity only VLDL2, 3. 5, 6 are shown. Sf rates
and sizes decrease from VLDL, to VLDL7. It is clear that in
the R71-4 assay, the larger Sf fractions are less competitive
vs. '25I-LDL than are the smaller fractions per unit of
TMU-insoluble protein (ApoB). But in the R161-1 assay all
fractions are nearly equivalent in activity. Logit B/Bo
= log B/BJ1 - B/Bo, where Bo = counts per minute bound '25I-
LDL in the absence of LDL or VLDL and B = counts per
minute bound 125I-LDL in the presence of LDL or
VLDL.

the VLDL with cells. The column-filtered, LPL-treated
VLDL was four times more effective than the column-
filtered control VLDL in competing with 1251-LDL
for cellular binding, uptake, and degradation.
The cell surface binding properties of the VLDL

lipolysis products isolated by zonal ultracentrifugation
(Fig. 2) were tested in competitive assays carried out
at 4°C (Fig. 5). Binding was inversely related to Sf rate
(and size), even when expressed on the basis of TMU-
insoluble protein. There was a direct relationship be-
tween the competitiveness of the VLDL fractions vs.
1251-LDL, for bindng to the LDL receptors on the
one hand and for binding to anti-ApoB antibodies on
the other (compare Figs. 1 and 5).
The direct uptake and degradation of LPL-treated

VLDL by cultured fibroblasts was evaluated next (Fig.
6). VLDL was isolated by ultracentrifugation atd 1.006,
iodinated with '25I-C1 (39, 40), and incubated with
unlabeled high density lipoprotein (HDL) (d 1.063-
1.19) for 2 h at 37-C to dilute out any ApoC which had
become labeled in VLDL by exchange with the "cold"
ApoC of HDL. The HDL protein:VLDL protein mass
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FIGURE 4 The effects of lipolysis ofVLDL on its ability to compete with 1251-LDL for uptake and
degradation by human fibroblasts. LPL-treated or control aliquots of preparation "d" of Table I or
"9,cold" LDL were added to fibroblast cultures that had been grown in lipoprotein-deficient
medium for 24 h. 5 Ag/ml of 125I-LDL (87 cpm/ng) was also present in the media. The cell-associ-
ated 125I-LDL counts were determined 2 h later. These contain counts bound to the surface and
internalized by the cells. The VLDL-ApoB curve gives the results for the control VLDL when the
VLDL added to the cultures is quantified in terms of its contents of ApoB, rather than its total
protein.

ratio during this incubation was 50:1. At the end of
incubation, the VLDL-HDL mixture was ultracentri-
fuged at d 1.006 for 108 g/min in a 40.3 Beckman rotor.
VLDL was removed by pipetting. 87% of the 1251-label
in this preparation was precipitable by TMU and 8%
was in lipid, which suggested that virtually all of the
protein label was in ApoB. The 125I-VLDL was split
into two aliquots, one aliquot was incubated without

LPL and the other with LPL for 2 h at 37°C. After
incubation, VLDL was reisolated by column chro-
matography on Sepharose 2B as described above. The
specific radioactivity of the '251-ApoB in VLDL was
122 cpm/ng and had not been altered by incubation.
TG had decreased from 191 to 110 mgldl. When cul-
tured fibroblasts were incubated in the presence of
5 gg/ml ofthe LPL-treated and control VLDL-125I-ApoB
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FIGURE 5 125I-LDL displacement by VLDL-lipolysis prod-
ucts. Effect of lipolysis on the binding of VLDL to cellular
surface receptors. Starting Sf > 150 VLDL, the lipolysis
products (VLDL6_f) shown in Fig. 2, or "cold" LDL were
incubated with 5,glml of 1251-LDL at 40C for 4 h. The cells
were normal human skin fibroblasts which had been grown in
LPDS for 24 h before the experiment. The ApoB contents of
each fraction were determined by TMU (34, 35) and are ex-
pressed as TMU-soluble protein on the abscissa. It is clear
that the competitive capacity of VLDL is inversely related
to Sf rate (or size) at any given ApoB concentration and is,
in fact, directly related to the degree of lipolysis.

for 1, 2, and 4 h (Fig. 6), the LPL-treated preparation
was taken up and degraded at a much greater rate than
was the control preparation.

Finally, competitive binding assays were carried out
at 4°C using the zonal subfractions of VLDL isolated
from plasma (Table IV), which were incubated with
cultured fibroblasts, and 125I-LDL (Fig. 7). Here too,
as in the case of the LPL-treated VLDL (Figs. 2 and 5),
the competitiveness of the VLDL subfractions was in-
versely related to their Sf rates, and again there
were strong relationships between the ApoB immuno-
reactivities and the cell reactivities of VLDL prepara-
tions (Table IV, Figs. 3 and 7). Those fractions which
competed most effectively with 125I-LDL for limiting
amounts of anti-ApoB antibodies also competed most
effectively with 125I-LDL for cellular LDL receptors.

DISCUSSION

Partially catabolized TG-rich lipoproteins are more
effectively removed by arterial smooth muscle cells,
fibroblasts, and liver than are more "intact" lipo-
proteins (7-12). LPL, the enzyme responsible for the
lipolysis of these particles, produces particles which
are smaller in size, depleted in TG, and relatively rich
in Chol esters, PL, and ApoB (3-6). We now demonstrate
that, in addition, VLDL preparations treated with LPL
consistently showed increases in the immunologic
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FIGURE 6 The binding and degradation of LPL-treated
125I-VLDL by cultured human fibroblasts. VLDL-1251-labeled
in its ApoB moiety (VLDL-1251-ApoB) was incubated with LPL
for 2 h, reisolated by Sepharose 2B chromatography, and
added to cultured fibroblasts. The same VLDL-125I-ApoB,
incubated without LPL, was added to another set of culture
dishes. The concentration of VLDL-125I-ApoB was 5 ,ug/ml
(12.5 ,ug/ml VLDL protein, 40% of which was TMU precipi-
table). (O)LPL-treated; (O)control. Results are mean+1 SD
of incubations carried out at 37°C in quintuplicate.
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FIGURE 7 1251-LDL displacements by VLDL subfractions.
The binding of VLDL subfractions isolated from plasma to
cellular surface receptors. VLDL subfractions, VLDL,-7,
isolated from plasma by zonal ultracentrifugation (Table IV)
were incubated at 40C with normal fibroblasts as in Fig. 5.
Competitiveness was inversely related to Sf rate and size.
(For the sake of clarity only VLDL2, 3, 5, 6 are shown.)
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reactivities of their ApoB moieties (Table I, Figs. 1
and 2). Comparable immunologic differences were also
found in the immunoreactivities ofApoB in the VLDL
density subfractions isolated from these plasma
(Table III). Because faster floating larger VLDL are
thought to be converted to slower floating smaller
VLDL in vivo (5, 42), LPL catalyzed lipolysis alone
appears to be sufficient to explain the changed ApoB
immunoreactivity found in vivo.
The fact that some antisera were and others were

not able to detect changes in ApoB immunoreactivity
is interpreted as being because of the fact that anti-
ApoB and anti-LDL antisera contained populations of
antibodies with different ranges of specificities vs.
ApoB. This is not too surprising because isolated ApoB
and the ApoB in holo-LDL, both of which were used
on the production of antisera, need not be identical
immunogens. Analogous differences in antiserum
specificity have been reported for antisera produced
against isolated ApoA-I and HDL-associated ApoA-I
(43, 44).
The altered immunoreactivity of ApoB was not a

result of changes in VLDL size (i.e., steric hindrance)
alone because whereas some antisera were able to
detect differences between control VLDL and LPL-
treated VLDL, others were unable to do so. Had size
alone been the crucial factor, all antisera should have
yielded similar results. The change in immuno-
reactivity also did not appear to be a result of prote-
olysis. The remaining possibilities are that as lipids
and apoproteins were removed during lipolysis,
"masked" areas of ApoB became uncovered, or that,
as the larger VLDL spheres were converted to smaller
spheres, the concentrations, conformation, or dis-
positions of ApoB on the surfaces of the particles were
altered to adjust to the new surface geometry and com-
position ofthe particles. It is likely that several ofthese
events were occurring simultaneously. Compatible
conclusions were reached by Gianturco et al. (45) and
Catapano et al. (46) to account for their findings of
greater effectiveness of VLDL isolated from hyper-
lipemic (vs. normal) plasma and of LPL-treated VLDL
(vs. untreated VLDL) in suppressing 8-OH-methyl
,3-glutaryl coenzyme A reductase in cultured fibroblasts.

Alterations in the immunoreactivity ofApoE, another
protein recognized by cells, were not found. This does
not exclude the existence of LPL-induced changes in
ApoE because only two anti-ApoE antisera were used.
Perhaps other antisera directed against VLDL-associ-
ated ApoE could have detected some differences. How-
ever, it should be noted that in contrast with ApoB,
which became "concentrated" on the smaller particles,
the ApoE contents of the slower floating smaller frac-
tions were less than those of the faster, larger frac-
tions. Thus, the ApoE concentration at the surfaces
of the particles should be considerably less than the
surface concentrations of ApoB.

The changes in ApoB immunoreactivity were ac-
companied by striking increases in the abilities of
LPL-treated particles to compete with 125I-LDL for
binding, uptake, and degradation by fibroblasts. Those
fractions that competed most effectively with 1251-LDL
for binding to anti-ApoB antibody also competed most
effectively with 125I-LDL for binding to cellular LDL-
receptors. In addition, LPL-treated VLDL- 251-ApoB
was taken up and degraded much more avidly than were
the control preparations. Although we have not ruled
out the effects of other apoproteins (e.g., ApoE), the
coincidence of changes in the immunoreactivity of
VLDL-ApoB and the enhanced recognition of VLDL
by cells suggests that the lipolysis-induced alterations
in the disposition of ApoB on the surfaces of VLDL
may be related to the enhanced interactions of the
partially degraded VLDL with cells.
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