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Abstract We have studied the consequences of alterations to
hepatic apoB mRNA editing on the biosynthesis and intracel-
lular distribution of newly synthesized apoB variants together
with their mass distribution in nascent Golgi very low density
lipoproteins (VLDL). Radiolabeled liver membrane fractions
were prepared from control or hypothyroid animals and sepa-
rated by discontinuous sucrose gradient centrifugation. Hepatic
apoB-100 synthesis in these groups accounted for 93-100% of
total newly synthesized apoB species of Golgi fractions recovered
from the sucrose gradients (G; and G). The analogous fractions
isolated from the livers of hyperthyroid (treated with 3,3',5-
triiodo-L-thyronine, T;) animals revealed that newly synthe-
sized apoB-100 accounted for only 46 1 10% (G,) and 24 +
11 % (Gy), respectively, of total newly synthesized apoB. ApoB-
100 mass in nascent Golgi VLDL from control and hypothyroid
G, fractions represented 70-78 % total apoB as determined by
Western blot analysis. By contrast, Golgi VLDL from hyper-
thyroid animals contained predominantly (>78%) apoB-48 as
the apoB species. Electron microscopy revealed that the morphol-
ogy and size distribution of hyperthyroid G; VLDL were similar
to particles isolated from control animals. Thus, despite a pro-
found reduction in the proportion of apoB-100 mRNA species
containing an unmodified codon (CAA, B-GLN) at position
2153 in hyperthyroid animals (6 + 1% vs 50-61% in control
and hypothyroid animals) apoB-100 biosynthesis was detectable

in a defined membrane fraction isolated by discontinuous

sucrose gradient centrifugation. However, no apoB-100 synthesis
was detectable in liver samples prepared by Polytron disruption
in Triton-containing buffers. B8 These data suggest that effec-
tive hepatic VLDL assembly and secretion in the T;-treated rat
continues despite a profound reduction in apoB-100 biosynthesis
and implies that apoB-48 contains the requisite domains to
direct this process, a situation analogous to that in the in-
testine. — Davidson, N. O, R. C. Carlos, H L. Sherman, and
R. V. Hay. Modulation of apolipoprotein B-100 mRNA editing:
effects on hepatic very low density lipoprotein assembly and in-
tracellular apoB distribution in the rat. J. Lipid Res. 1990. 31:
899-908.

Supplementary key words nuclear thyroid hormone receptor o
Golgi membranes ¢ microsomal membrane subfractions ¢ apoB-
100 « apoB-48

Apolipoprotein B (apoB) is a large glycoprotein syn-
thesized in mammalian enterocytes and hepatocytes as an
obligate component of triglyceride-rich lipoproteins. In
humans, apoB is synthesized in an organ-specific fashion
with the liver elaborating a form of apparent M, 549,000
referred to as apoB-100, while the intestine elaborates a
form of apparent M, 264,000 referred to as apoB-48
(reviewed in (1)). ApoB-48 is colinear with the amino ter-
minal 2152 amino acids of apoB-100 arising from a unique
posttranscriptional modification to the primary apoB
transcript in which codon 2153 in apoB-100 cDNA is
modified from CAA, encoding glutamine, to UAA, which
encodes an in-frame translational stop codon (2, 3).

The rat differs from other mammals in that both forms
of apoB are synthesized by the liver (4, 5). The molecular
mechanism underlying production of these two distinct
apoB variants in rat liver is identical to that described in
human and rabbit intestine (6, 7) although the biological
significance and physiologic implications of this species
difference are unclear. In earlier studies it was demon-
strated that rat hepatic apoB variants are heterogeneous
with respect to both structural and metabolic properties in
vivo (5, 8) and in particular demonstrate temporally dis-
tinct patterns of biosynthesis (9, 10). In addition, studies
conducted using both rat liver perfusions and primary

Abbreviations: apo, apolipoprotein; VLDL, very low density lipopro-
tein; LDL, low density lipoprotein; PBS, phosphate-buffered saline;
TTBS, Tris-buffered saline containing 0.05% Tween 20; SDS-PAGE,
sodium dodecyl sulfate polyacrylamide gel electrophoresis; PVDF,
polyvinylidéne difluoride; PMSF, phenylmethylsulfonyl fluoride; EDTA,
ethylenediaminetetraacetic acid, Na, salt; TLCK, N-c-tosyl-L-lysine-
chloromethyl ketone; Ts, 3,3',5-triiodo-L-thyronine; PTU, (2-thio-4-
hydroxy-6-n-propylpyrimidine); PCR, polymerase chain reaction, SSC
(1 x) 0.15 M NaCl/0.015 M Na citrate, pH 7.0.
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cultured hepatocytes suggest that intracellular processing
and secretion of apoB variants may be independently
regulated (9, 11). More recently, studies performed with
cultured rat hepatocytes point to the existence of hetero-
geneous pools of apeB within the hepatocyte (12, 13) and
raised the possibility that movement of nascent apoB spe-
cies between specific compartments may become rate-
limiting in the directed assembly and secretion of VLDL.
Independent confirmation of these findings has emerged
from studies of lipoprotein and apoB-100 assembly in
HepG?2 cells where it appears that nascent apoB-100 is
cotranslationally bound to endoplasmic reticulum mem-
branes and undergoes a progressive increase in neutral
lipid content after its secretion into the microsomal
lumen, findings that imply a step-wise process of VLDL
assembly and secretion (14).

Recent studies from our laboratory have determined
that hepatic triglyceride synthesis and secretion together
with apoB biosynthesis are modulated in response to
alterations in thyroid hormone status (15). These studies
demonstrated a selective, profound decrease in apoB-100
biosynthesis, an effect subsequently shown (6) to result
from hormonal modulation of the posttranscriptional
apoB RNA editing mechanism. The hypothesis has there-
fore emerged that posttranscriptional RNA editing may
represent an additional level of regulation of apoB gene
expression in vivo. In order to characterize changes in
hepatic VLDL assembly associated with hormonal modu-
lation of apoB mRNA editing, we have analyzed the
biosynthesis and intracellular distribution of newly syn-
thesized apoB variants together with their mass distri-
bution among microsomal membrane subfractions and
nascent Golgi VLDL. The results suggest that hepatic
VLDL assembly and secretion in the rat are effectively
maintained despite profound reductions in apoB-100
biosynthesis and imply that apoB-48 may contain suffi-
cient conformation properties to direct this process.

MATERIALS AND METHODS

Animals and treatment protocols

Male Sprague-Dawley vats were obtained from Charles
River, Wilmington, MA in the weight range of 150 g.
Animals were rendered hypothyroid after consumption of
rat chow supplemented with 0.1 % (w/w) propylthiouracil
(2-thio-4-hydroxy-6-n-propylpyrimidine) (PTU) for 21-28
days as previously described and validated (15). Hyper-
thyroidism was induced by alternate day intraperitoneal
injection of T; (3,3',5,triiodo-L-thyronine), 50 pug/100 g
body weight as previously described (15). Untreated
hypothyroid rats consumed chow-0.1% PTU for 21-28
days, while control euthyroid rats consumed unmodified
rat chow. All groups were studied, as previously described
(15), after a 16-18 h fast.
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In vivo radiolabeling protocol

Animals were anesthetized with sodium pentobarbital
and administered an intraportal vein bolus of 1 mCi L-
[4,5°H]leucine. After 15 min animals were exsanguinated
and the liver was perfused in situ for 15 min with 100 ml
ice-cold PBS-20 mM leucine containing freshly added
PMSF (1 mM). In experiments where apoB biosynthesis
alone was to be determined, liver samples were homo-
genized in PBS-1% Triton-2 mM leucine containing
freshly added protease inhibitors at the indicated final
concentrations: PMSF (1 mM), benzamidine (1 mM),
leupeptin (100 uM), EDTA (5 mM), aprotinin (450 uM),
pepstatin (2 pM), TLCK (25 uM). A 225,000 g superna-
tant was then prepared and stored at -80°C
until used for immunoprecipitation.

Preparation of Golgi membrane fractions

After in vivo radiolabeling, livers from five to eight ani-
mals per group were pooled, minced, and homogenized
on ice in five volumes 0.25 M sucrose-10 mM HEPES,
pH 7.4, containing 1 mM PMSF, using a motor-driven
Teflon Potter-Elvehjem apparatus. From this homogenate
hepatic subcellular membrane fractions were prepared
using modifications of the protocol of Ehrenreich et al.
(16) as suggested by Howell and Palade (17). Briefly, the
cellular homogenate was centrifuged at 10,000 g-av for 10
min, producing a pellet (P1) and supernatant (S1). St was
reconstituted back to the original volume with 0.25 M
sucrose~10 mM HEPES- 1 mM PMSF and centrifuged at
105,000 g-av for 90 min. The resultant supernatant ($2)
was collected and stored at 80°C while the resultant
microsomal pellet (P2) was resuspended in 0.25 M
sucrose-10 mM HEPES-1 mM PMSF using a loose-
fitting Teflon pestle. The P, suspension was adjusted to a
sucrose concentration of 1.22 M using 2.0 M sucrose. Ali-
quots of 10 ml were loaded under a discontinuous gra-
dient with 8.5-ml steps of 1.15 M, 0.86 M, and 0.25 M
sucrose. This gradient was then centrifuged at 82,500 g-av
for 180 min. Material accumulating at the 0.25 M/0.86 M
interface, 0.86 M/1.15 M interface, 1.15 M/1.22 M inter-
face, and the residual pellet were collected individually
and are referred to as G;, G,, G;, and G, fractions,
respectively. The identity of these microsomal membrane
fractions, at least in control animals, corresponds to Golgi
vesicles (G;), Golgi cisternae (G;), and the remaining
microsomal membrane fractions (Gs, G,). All fractions
were stored at —80°C until analysis. In some experi-
ments, membranes were subjected to hypotonic lysis by
incubation in 0.1 M Na,COj; on ice, followed by neutrali-
zation and preparative ultracentrifugation to recover
VLDL. Recovery of total protein in each fraction, in all
the study groups (control, hypothyroid and hyperthy-
roid), was comparable (Table 1). Additionally, enrich-
ment of G; and G, fractions for galactosyltransferase
activity (18) was 17- to 70-fold over homogenate, with no
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TABLE 1. Total protein recovery in subcellular fractions
of rat liver

Experimental Group

Fraction Control Hypothyroid Hyperthyroid
mg mg mg
Homogenate 937.1 + 129.5 1028.4 1+ 247.3 1034.1 + 100.1
S; 5539 + 46.2 426.1 + 112.8 497.0 + 486.2
P, 319.6 1+ 46.1 324.3 + 164.8 432.1 ¢ 89.2
S, 241.8 + 62.6 267.5 + 83.2 295.8 + 115.0
P, 157.9 ¢ 57.3 117.9 + 25.2 162.8 + 20.8
G, 56 + 1.3 4.0 + 0.7 48 + 0.8
G, 58 + 1.3 50 + 0.7 6.5 + 0.5
G; 289 + 4.3 28.1 + 5.3 29.8 + 8.6
G, 114.8 + 5.8 92.4 + 8.6 100.2 + 7.2

Total protein mass (mg) was determined on sequential isolates from
livers prepared from five to eight animals per group. The designations
Sy, P, refer to the supernatant and pellet from the first 10,000 g centrifu-
gation; Sy, Py refer to the supernatant and pellet resulting from recen-
trifugation (of S,) at 105,000 g; G,, G,, G refer to fractions isolated from
the 0.25 M/0.86 M, 0.86 M/1.15 M, and 1.15 M/1.22 M sucrose interface,
respectively, after discontinuous gradient ultracentrifugation (of Py), while
Gy is the residual, final pellet (See Methods).

significant differences between control, hypothyroid, and
hyperthyroid animals (data not shown). The G, fraction
(which corresponds to that fraction designated GF, , ; by
Ehrenreich et al. (16) and GF by Howell and Palade (17))
contained 13-35% of the total galactosyltransferase ac-
tivity in the three groups, suggesting substantial enrich-
ment of this fraction in Golgi vesicles.

Analysis of hepatic apoB protein

Immunoprecipitation of newly synthesized apoB was as
previously described from samples made 1% with respect
to Triton X-100 (19). Samples were subjected to exhaustive
immunoprecipitation, as previously described (19), to in-
sure complete recovery of immunoreactive apoB. The im-
mune complexes were washed extensively and analyzed
by denaturing SDS-PAGE on 4% acylamide disk gels
which were sliced and assayed by liquid scintillation spec-
trometry (19). The migration of radiolabeled apoB-100
and apoB-48 was verified by reference to the mobility of
these species in samples of coelectrophoresed rat serum
VLDL.

The mass distribution of apoB variants was determined
in aliquots of membrane fractions, nascent intracellular
Golgi VLDL, and whole unfractionated serum as follows.
Samples (0.5 -200 pg total protein or 0.5-1 ul serum)
were prepared by incubation in 2% SDS-0.5% NP-40,
on ice and without reduction or heating at any time.
Samples were applied to a 5% acrylamide (20) slab gel
and electrophoresed at 200 v for 30 min and 35 v for
16-20 h at 4°C. The samples were subsequently trans-
ferred to PVDF membranes (Millipore, Bedford,-MA) in
25 mM Tris-192 mM glycine-10% (v/v) methanol at 100

v for 4-6 h at 4°C. The membranes were blocked by
washing five times in PBS-0.3% Tween 20 at 37°C for 5
min each, and stained with india ink. Prior to immuno-
staining, the membranes were reblocked with Blotto buf-
fer (5% nonfat dry milk-0.01 % antifoam-0.5% Tween
20-0.2% sodium azide) at room temperature for 30 min
and subsequently incubated with anti-rat apoB antiserum
(1:1000-1:5000 dilution) in Blotto buffer for 2 h at room
temperature. Blots were washed five times with T'TBS (10
mM Tris, 0.15 M NaCl, 0.05% Tween 20, pH 7.5) for
5-10 min and incubated with !*I-labeled protein A (ICN,
36 uCi/pg, final concentration 0.3 uCi/ml) for 30 min at
room temperature. After five additional washes with
TTBS, the blots were subjected to autoradiography and
scanned by laser densitometry (LKB Ultroscan, Gaithers-
burg, MD).

Analysis of hepatic apoB messenger RNA

Hepatic RNA was extracted using 5 M guanidine
isothiocyanate as described (21). Total apoB mRNA abun-
dance was determined after dot-blot hybridization of ali-
quots of total RNA (15) using a 660 base pair cDNA
fragment spanning nucleotides 6280-6940 of rat apoB
c¢DNA. Hybridization and washing stringencies have
been previously detailed (15). For analysis of the propor-
tions of modified (B-STOP, UAA) to unmodified (B-
GLN, CAA) apoB transcripts, total RNA was subjected
to digestion with RNase-free DNase (RQ-1, Promega,
WI) 1 U/ug RNA, followed by restriction digestion of any
residual genomic DNA with Alu 1. The RNA was ex-
tracted with phenol-chloroform and precipitated with
ethanol. Aliquots (1 pg) were reverse-transcribed using
200 U MMLYV reverse transcriptase (BRL) in a buffer
containing (final concentration) 50 mM KCl, 20 mM Tris,
pH 84, 25 mM MgCl,, 1 mg/ml acetylated bovine
serum albumin, 100 pmol random hexamers, 10 mM
dNTPs and 40 U RNA-sin (Promega). After first strand
cDNA synthesis, a 274 base pair fragment was amplified
by means of the polymerase chain reaction (PCR). Oligo-
nucleotide primers were constructed to both coding (pcr
1) and noncoding (pcr 3) sequences flanking nucleotide
6666 of apoB cDNA: pcr 1: ATCTGACTGGGAGAGAC
AAGTAG, 23-mer 3' at 6512; per 3: CACGGATATGA
TACTGTTCGTCAAGC, 26-mer 5' at 6786. PCR was
conducted as previously described using 1 gM concentra-
tion of each primer and 2.5 ulaq polymerase
(Perkin-Elmer-Cetus, Norwalk, CT) (6) with the follow-
ing modifications: final concentrations of 20 mM Tris, 1.7
mM MgCl, and 1 mg/ml acetylated bovine serum
albumin, the latter replacing gelatin (6). Denaturation
was conducted at 94°C for 30 sec, annealing at 55°C for
1 min, and extension at 72°C for 90 sec, a total of 25
cycles with a final 10-min extension at 72°C. PCR prod-
ucts were analyzed by 3 GTG-1% Seakem agarose elec-
trophoresis to confirm the size of the amplified product
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and dilutions were subsequently made for direct applica-
tion to nitrocellulose membranes and differential hybrid-
ization with oligonucleotides BGLN TACTGATCAAATTG*
TATCA, 19 mer 5' end at 6679 and B STOP TACTGAT
CAAATTA*TATCA 19-mer 5', and at 6679 as previously
detailed (6). Washes were carried out using 3 M
tetramethylammonium chloride-50 mM Tris-HCI], pH
8.0,-2 mM EDTA-0.01% SDS at 46°C and 48°C (6).

Miscellaneous assays

Total protein was determined as previously described
(22); protein mass in nascent Golgi VLDL was deter-
mined using colloidal gold (23). Golgi VLDL were
visualized by negative stain electron microscopy after
staining with 2% phosphotungstic acid, pH 7.2. Sizing of
particles was undertaken using a Nikon Shadowgraph
(Model 6C) equipped with a digital readout. Immunolo-
gical detection of LDL-receptor protein in membrane
fractions of rat livers (10,000-105,000 g) was undertaken
using nonreducing sample preparation conditions (de-
tailed above) with a 7.5% acrylamide separating/3 %
acrylamide stacking gel. Antiserum to rat LDL-receptor
protein was used at a 1:1000 dilution and was generously
provided by A. D. Cooper, Palo Alto Medical Foundation,
Palo Alto, CA. Statistical comparisons were made using
independent ¢-tests and used both pooled and separated
variance analysis where appropriate. Data, unless other-
wise stated, are expressed as mean + SD.

RESULTS

Distribution of newly synthesized apoB-100 and B-48
among subcellular membrane fractions

Studies in control and hypothyroid animals. Analysis of the
distribution of newly synthesized apoB species among
microsomal membrane subfractions from discontinuous
sucrose gradients in both control and hypothyroid ani-
mals revealed a predominance of apoB-100 (Fig. 1).
Specifically, membranes isolated at the 0.25 M/G.86 M
sucrose interface (G;) were found to contain 93-95% to-
tal newly synthesized apoB as apoB-100, while mem-
branes isolated at the 0.86 M/1.15 M sucrose interface (G;)
were found to contain 87 + 7% apoB-100 in hypothyroid
animals and exclusively apoB-100 in all control animals
(Fig. 1). ApoB-100 represented 33-45% of total newly
synthesized apoB in the remaining microsomal mem-
brane fractions (G3, G4) from both groups.

Studies in hyperthyroid animals. Our earlier observations
{(15), confirmed in the present study group, demonstrated
that radiolabeled liver homogenate samples from hyper-
thyroid animals, prepared by Polytron disruption in
Triton-containing buffers (with freshly added protease in-
hibitors), contained no detectable apoB-100 immunoreac-
tive product (<0.03% total protein synthesis, data not
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Fig. 1. ApoB synthesis in subcellular membrane fractions of rat liver.
Animals were subjected to hormonal manipulations as detailed in
Methods. In vivo radiolabeling was undertaken by intraportal vein
administration of 1 mGCi L-[4,5-*H]leucine for a 15-min pulse after
which livers were perfused in situ for an additional 15 min with PBS-20
mM leucine. Livers were removed, homogenized in 0.25 M sucrose-10
mM HEPES, and subjected to sequential centrifugation at 10,000 g and
105,000 g followed by separation of the 105,000 g pellet through a discon-
tinuous sucrose gradient (Methods). Fractions collected at the respective
interfaces (Gi, G2, Gs) were removed by aspiration and the residual
pellet (G,) was collected and stored at - 80°C until analysis. All frac-
tions were made 1% with respect to final Triton X-100 concentration and
newly synthesized apoB species were recovered by quantitative immuno-
precipitation. ApoB-100 and apoB-48 were resolved on denaturing ¢ %
SDS-PAGE and quantitated by gel slicing and liquid scintillation spec-
trometry. The data for apoB-100 (CJ) and apoB-48 (M) are expressed as
a percent of total immunoreactive apoB species, with standard error.
The experiments reported are from four to six immunoprecipitations
each from four animals per group.

shown). The present studies provide more critical resolu-
tion of these findings by demonstrating that while apoB-
48 represented the predominant newly synthesized apoB
species among microsomal membrane subfractions from
hyperthyroid animals, newly synthesized apoB-100 was
readily detectable, representing 46 + 10 % of total newly
synthesized apoB in the G, fraction, and 24 + 1% in
the G, fraction (Fig. 1).

It bears emphasis that, in the current study group,
similar yields were obtained of total homogenate protein
(Table 1) and at similar specific activity (TCA precipitable
counts per ug) to our previously published values (control
179 + 39 cpm/ug, hyperthyroid 110 + 19 cpm/ug com-
pared 169 + 61 and 122 3 42 cpm/pg for control and
hyperthyroid animals previously characterized by our
laboratory (15)). Additionally, hepatic apoB-100 synthesis
rates, determined by immunoprecipitation of homogenate
fractions from hyperthyroid animals, prepared by Teflon-
glass homogenization in 0.25 M sucrose, were substantial-
ly reduced by comparison with both control and hypo-
thyroid animals (0.05 + 0.06 vs control 0.29 3 0.14 and
hypothyroid 0.30 + 0.19% total protein, n = 4 per
group, P<0.01). ApoB-48 synthesis rates were indistin-
guishable in hypothyroid and hyperthyroid animals
(0.40 + 0.5 and 0.42 + 0.10% total protein respective-
ly, n = 4, P>0.05), findings analogous to previous data
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TABLE 2. Relative specific activity and distribution of newly synthesized apo B species among microsomal membrane subfractions

Experimental Group

Control Hypothyroid Hyperthyroid
Fraction B-100 B-48 B-100 B-48 B-100 B-48
Gy 2250 + 700 1800 + 310 830 + 100 180 + 320 810 + 260 1160 + 510
(6.7 + 1.6) (0.3 + 0.5) (5.4 + 1.6) 0.9 + 15) (53.7 + 11.9) (2.6 + 0.8)
G, 780 + 380 N.D. 530 + 50 80 + 80 60 + 60 470 + 310
24 £ 04) 0) 4.3 £ 0.5) 0.6 + 0.7) (5.3 + 4.7) (1.5 + 0.9
G 990 + 240 1690 + 290 540 + 320 620 + 250 90 + 30 1370 + 470
(17.4 + 3.5) (15.9 + 1.3) (22.6 + 9.8) (21.8 + 9.1) (40.8 + 8.3) (20.2 + 3.8)
G, 1160 + 460 2250 + 200 440 + 90 630 + 190 N.D. 1440 + 330
(73.8 £ 5.0) (83.8 + 1.0) (67.6 £ 9.1) (75.3 £+ 10.4) 0) (75.6 + 2.5)

Livers from control, hypothyroid, and T; hyperthyroid animals were pulse labeled, in vivo, as described above (Methods). Livers were subjected
to sequential isolation of intracellular membrane fractions by discontinuous sucrose gradient centrifugation of the 105,000 ¢ membrane pellet (Methods).
ApoB-100 and B-48 specific activity was determined by quantitative immunoprecipitation followed by SDS-PAGE to resolve each isomorph. The
data are expressed as cpm immunoprecipitable apoB normalized to membrane protein content (cpm/mg). Each value represents the mean + SD
from four to six immunoprecipitations on samples from four animals per group. Values in parentheses refer to the percent distribution of newly syn-
thesized apoB between the respective microsomal membrane subfractions; ND, no immunoprecipitable apoB counts detected.

(15). Furthermore, analysis of hepatic RNA from the cur-
rent study group showed T,-dependent modulation of
apoB mRNA editing indistinguishable from our earlier
report (6), with control and hypothyroid animals demon-
strating a range of 45-84% unmodified apoB (B-GLN)
and a mean of 50-61 % B-GLN while hyperthyroid ani-
mals were found to have only 6 + 1% B-GLN. Taken
together, the data suggest that hyperthyroid rat liver con-
tinues to synthesize apoB-100, albeit at a reduced rate,
and that this apoB variant is relatively abundant (as
demonstrated below) in a discrete membrane fraction
(G,), following tissue homogenization and subcellular
fractionation in detergent-free buffers.

Specific activity and experimental recovery of newly
synthesized apoB-100 and B-48

As demonstrated in Table 2, apoB-100 specific activity
was maximal in the G, fraction from all groups examined,
a trend most clearly evident in hyperthyroid animals. Fur-
thermore, the distribution of newly synthesized apoB-100
among the microsomal membrane subfractions (Table 2)
revealed that the G, fraction accounted for 40-62 % of the
total (microsomal) apoB-100 counts in hyperthyroid ani-
mals, while in control and hypothyroid animals, apoB-100
counts in the G, fraction accounted for only 4-8 % of the
total. In these latter two groups, 57-79 % of newly synthe-

TABLE 3. Recovery of newly synthesized apo B in subcellular fractions of rat liver

Experimental Group

Control Hypothyroid Hyperthyroid

Fraction B-100 B-48 B-100 B-48 B-100 B-48
Homogenate 1.0 1.0 1.0 1.0 1.0 1.0

S;+P; 0.89 + 0.25 0.72 + 0.36 1.29 + 0.35 0.60 + 0.21 0.69 + 0.24 0.99 £ 0.15
S, 1.0 1.0 1.0 1.0 1.0 1.0

(S, +Py) 0.68 + 0.02 0.71 + 0.02 0.97 + 0.44 0.79 + 0.31 1.24 + 0.49 1.17 ¢+ 0.19
P, 1.0 1.0 1.0 1.0 1.0 1.0
(G1+G2+G3+Gy) 1.07 + 0.24 0.99 + 0.26 0.79 + 0.21 0.91 + 0.26 0.20 + 0.06° 0.67 ¢+ 0.10

Livers from control, hypothyroid, and Ts-treated hyperthyroid animals were pulse-labeled in vivo as described in Methods. Livers were subjected
to sequential isolation of intracellular fractions (Sy, Py; Sy, Py; Gy, G2, G4, G,) as described (Methods) and radiolabel incorporation into newly synthe-
sized apoB-100 and apoB-48 was determined following quantitative immunoprecipitation and analytical SDS-PAGE. Gels were sliced and radioactivi-
ty was determined on individual slices by scintillation counting. Migration of apoB-100 and apoB-48 was determined by reference to coelectrophoresed
rat serum VLDL. The abbreviations used (8;, Py, etc.) are defined in detail above (Methods). The data are expressed as a fractional recovery for
each of the three sequential centrifugation steps. Each value represents the mean + SD of four to six immunoprecipitations on samples from four
animals per group.

“Recovery of apoB-100 is significantly lower than from control or hypothyroid animals, 7 < 0.001. There were no other significant differences
in apoB recovery.
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Fig. 2. ApoB mass distribution in subcellular membrane fractions of
rat liver. Rat liver membrane fractions were prepared as detailed in
Methods and the legend to Fig. 1, after discontinuous sucrose gradient
centrifugation. Fifty ug total protein from each fraction was suspended
in 2% SDS-0.5% NP -40 without reduction, prior to loading onto a 5%
acrylamide slab gel (Methods). Samples were electrophoresed for ap-
proximately 800 volt-hours, transferred to a PVDF membrane, and im-
munostained with anti-rat apoB and '*’I-labeled protein A. Rat serum
VLDL was coelectrophoresed as a marker of apoB-100 and B-48 migra-
tion. This is a representative example from four replicate experiments.

sized apoB-100 was present in the residual pellet (Gy). By
contrast, the G, fraction from hyperthyroid animals was
repeatedly extracted without releasing detectable apoB-
100 immunoreactive material (Table 2). Additionally, no
lower molecular weight (apoB) fragments were detectable
(data not shown). The distribution of newly synthesized
apoB-48 revealed that less than 4 % was found in G, frac-
tions with the majority (63-84%) recovered in the G,
fractions.

The overall experimental recovery of newly synthesized
apoB species is illustrated in Table 3. Recovery of newly
synthesized apoB-100 and B-48 was comparable in control
and hypothyroid animals. By contrast, recovery of newly
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Fig. 3. ApoB mass distribution in intracellular nascent VLDL from
subcellular membrane fractions of rat liver. Subcellular membrane frac-
tions were prepared from five to eight rat livers as outlined in the legend
to Fig. 1 and Methods, after discontinuous sucrose gradient centrifuga-
tion. Five hundred ng total protein from G, fractions (isolated at the
0.25 M/0.86 M sucrose interface) was suspended in 2% SDS- 0.5%
NP-40 without reduction, prior to loading onto a 5% acrylamide slab gel
(Methods). Samples were electrophoresed for approximately 800 volt-
hours, transferred to a PVDF membrane, and stained sequentially with
India ink and anti-rat apoB antiserum followed by '*’I-labeled protein
A (Methods). Rat serum VLDL was coelectrophoresed as a marker of
apoB-100 and B-48 migration.
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A

Hypothyroi Hyperthyroi

Control

synthesized apoB-100 in hyperthyroid animals was con-
sistently reduced (20 + 6%) following resuspension of
the microsomal pellet and discontinuous sucrose gradient
fractionation (Table 3). This apparently selective loss of
newly synthesized apoB-100 and the underlying mecha-
nism(s) responsible will require further study.

Mass distribution of apoB-100 and B-48 among
subcellular membrane fractions

Aliquots of membrane fractions were analyzed by 5%
SDS-PAGE followed by Western blotting and the results
of a representative immunoblot experiments are pre-
sented in Fig. 2. Control animals demonstrated that
44-47% of the apoB mass in fractions G, and G, was
apoB-100 while these same fractions from hypothyroid
animals demonstrated 57-71 % apoB-100. The correspond-
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Fig. 4.

A: Nascent intracellular VLDL. Subcellular membrane fractions, prepared from control (euthyroid), hypothyroid, and hyperthyroid ani-

rr}als as detailed in Methods, were subjected to hypotonic, sodium carbonate lysis. VLDL were isolated by ultracentrifugation at d <1.006 g/ml and
Ylsuallzcd by negative staining after incubation with 2% phosphotungstic acid, pH 7.2. Nascent VLDL from hyperthyroid animals are displayed
in pax-lels A (G)) and B (G,), from hypothyroid animals in panels C (G,) and D (Gy;), and from control animals in panels E (G,) and F (G,). The
magmﬁcatmr} Is x 34,000 and the bar represents 1,000 A. B: Histogram of nascent intracellular VLDL. Two hundred or 300 particles from each
group were sized and the distribution of each VLDL preparation is displayed. The mean diameter for the group is shown in parentheses above the
frequency bars. G, and G, refer to membrane fractions isolated at the 0.25 M/0.86 M interface and 0.86 M/1.15 M sucrose interface, respectively

{Methods).

ing G, and G, fractions from hyperthyroid animals con-
tained 75-90 % of apoB mass as apoB-48 (Fig. 2). Thus,
in all groups, steady-state mass distribution of apoB
variants differs from the ratio of newly synthesized apoB
peptides, suggesting that the intracellular metabolism
(possibly including compartmentation and degradation)
of each apoB species is independently regulated and ap-
pears to be influenced by changes in thyroid hormone status.

Nascent intracellular VLDL: apoB distribution and
particle morphology

A further group of experiments was undertaken to ex-
amine whether alterations in hepatic apoB gene expres-
sion and intracellular distribution of apoB species are

Davidson et al.

associated with changes in the relative apoB composition
and morphology of nascent VLDL. ApoB mass distribu-
tion in nascent VLDL from G, fractions is illustrated in
Fig. 3. The results suggest that apoB-100 in nascent
VLDL from control and hypothyroid livers accounts for
70-78 % total apoB species. These data for apoB mass dis-
tribution in control and hypothyroid nascent VLDL are
thus qualitatively similar to the biosynthetic data pre-
sented above (Fig. 1) By contrast, apoB composition in
nascent VLDL from hyperthyroid livers was approxi-
mately 78% apoB-48, as compared to 54 % apoB-48, as
determined by biosynthetic analysis (see Fig. 1). These
data imply that apoB-48 is preferentially incorporated
into nascent VLDL in hyperthyroid rat liver despite the
presence of (small amounts) of apoB-100, as evidenced by
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the biosynthetic data. Direct visualization of nascent
VLDL (Fig. 4) from the respective groups shows a hetero-
disperse morphology and similar size range between
VLDL isolated from G, membranes of hyperthyroid and
control animals (Fig. 4A, 4B). VLDL from the G, frac-
tion of hypothyroid animals, by contrast, were smaller
(mean 160 A vs 328 A in hyperthyroid and 419 A in con-
trol) and monodisperse (Fig. 4B). Particles isolated from
G, membranes of hypothyroid and hyperthyroid animals
were of similar size distribution and were both smaller
and relatively monodisperse in comparison to G, VLDL
isolated from control animals. No VLDL particles were
recovered from G; and G fractions following sodium car-
bonate extraction (data not shown).

Previous studies demonstrated a reduction in serum
apoB-100 levels in Ts-treated animals which likely reflects
the reduction in apoB-100 synthesis but additionally, may
reflect alterations in apoB catabolism, as previously sug-
gested (24). Evidence for this is suggested in Fig. 5 which
shows that liver membranes from hyperthyroid animals
demonstrated an increase in immunodetectable LDL-
receptor protein. Specifically, there was a threefold in-
crease in the 130 kDa form, which was the predominant
immunoreactive species identified in all groups. Addi-

HYPERTHYROID
HYPOTHYROID
CONTROL

Fig. 5. Anti-LDL-receptor immunostaining of rat liver membrane
fractions: effects of thyroid hormone modulation. Fifty ug total protein
from the 10,000-105,000 g liver membrane fraction was suspended in
2% SDS-0.5% NP-40 and electrophoresed on a 7.5% acrylamide slab
gel (Methods). After transfer to a PVDF membrane, the blot was im-
munostained with polyclonal anti-rat LDL receptor antibody and '*I-
labeled protein A (Methods). Coelectrophoresed high molecular weight
markers were visualized by India ink staining, and are shown on the
right. The calculated molecular weights of the two major immunoreac-
tive bands (heavy arrows) correspond to 190 and 130 kDa.
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tionally, however, a form of 190 kDa was readily detec-
table in membranes from hyperthyroid animals and
appeared approximately tenfold more abundant than in
membranes from hypothyroid animals (Fig. 5). The
cumulative evidence thus provides direct support for both
decreased production of apoB-100 and augmented apoB-
100 clearance as a result of T3 administration.

DISCUSSION

The major conclusions of this work are that Ts-
dependent modulation of hepatic apoB-100 mRNA edit-
ing is associated with alterations in the biosynthesis and
distribution of apoB-100 and apoB-48 among microsomal
membrane subfractions and in nascent Golgi VLDL.
Several aspects of these conclusions merit further review.

The results of the biosynthetic labeling experiments in
control animals confirm previous studies examining the
temporal relationship of apoB-100 and apoB-48 biosyn-
thesis in Golgi membrane fractions (10). Specifically, the
current demonstration of a predominance of newly syn-
thesized apoB-100 in G; membrane fractions with the in-
verse situation (i.e., apoB-48 predominance) in the G; and
G, fractions in control and hypothyroid animals, is con-
sistent with the suggestion (12, 13) that the movement of
these two variants from their site of synthesis into mem-
brane domains (which may be involved in VLDL assem-
bly) is independently regulated. Evidence for this is
provided by the results of the biosynthetic labeling study
which contrast with the results obtained by Western blot
analysis of these same membrane fractions. Specifically,
in G; and G, membrane fractions from control animals,
apoB-100 represented virtually 100% of newly synthe-
sized apoB species but only 44-47% of apoB mass.
Similarly, the G, and G, membrane fractions from hyper-
thyroid animals were relatively enriched in apoB-48 mass
(75-90% total apoB as determined by Western blotting)
as compared to the results of the biosynthetic study
(54-75% total apoB). These observations are consistent
with the temporal delay in appearance of newly synthe-
sized apoB-48 in Golgi membranes previously described
after in vivo pulse-radiolabeling (10). Specifically, these
studies demonstrated maximal labeling of newly synthe-
sized apoB-100 15 min after isotope administration (iden-
tical to the current radiolabeling protocol) while apoB-48
achieved maximal labeling after 30 min (10). An alterna-
tive, but less likely, explanation for the divergence be-
tween biosynthetic and mass ratios of apoB-100 and B-48
is that the G, and G, membrane fractions may be en-
riched in apoB-48 by virtue of contamination with endo-
cytic components such as multivesicular bodies (MVBs)
containing predominantly apoB-48 (25). While not spe-
cifically addressed in the present studies, other workers
using similar separation techniques to those used here
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have raised this possibility and concluded experimentally
that such contamination was likely to be insignificant (10,
26). Specifically, these workers found that less than 1% of
the injected '?*I-labeled VLDL or !*I-labeled LDL was
recovered in Golgi membrane fractions (10, 26). Further-
more, the original description of MVB contamination of
Golgi membrane fractions demonstrated that only 1.6 %
of the injected '**I-labeled LDL recovered in homogenate
fractions could be found in Golgi membranes compared
to 12.1 % for the MVB fraction (Table 2 of reference 25).
The demonstration of increased immunodetectable LDL-
receptor protein in liver membrane fractions from hyper-
thyroid animals (Fig. 5) does, however, raise the question
of whether alterations in lipoprotein catabolism could
contribute to the changes in intracellular apoB distribu-
tion. This same polyclonal antibody identified several
reactive species on Western blots of sucrose gradient-
isolated membrane fractions from both control and
hyperthyroid animals, including a principal species of 130
kDa which appeared of similar intensity in membranes
isolated from control and hyperthyroid groups (Davidson,
N. O,, unpublished results). These observations are con-
sistent with the recent demonstration of several lipoprotein-
binding species in rat liver Golgi membrane fractions,
although in this latter report the abundance of this 130
kDa species was increased several-fold after ethinylestra-
diol treatment (26, 27). Inasmuch as this estrogen-
inducible LDL receptor may contribute to the catabolic
clearance of chylomicron and VLDL remnants (27), it re-
mains possible that contamination of the G, and G, mem-
branes with endosomes containing this receptor-ligand
complex could result in apparent enrichment of apoB-48
protein. However, in the present context, this issue is cur-
rently unresolved.

The results of the present study demonstrate evidence
for active apoB-100 biosynthesis in hyperthyroid rat liver.
Specifically, apoB-100 synthesis was reduced, although de-
tectable, in homogenate samples prepared by glassTeflon
mechanical homogenization in 0.25 M sucrose. However,
apoB-100 synthesis was undetectable in either homoge-
nate samples or 225,000 g supernatant fractions prepared
from hyperthyroid livers using Polytron disruption in
Triton X-100 containing buffers. These observations raise
the possibility that homogenization conditions and the
presence of detergents may somehow influence the stabili-
ty or immunoreactivity of nascent apoB-100 in hyper-
thyroid liver. In support of this general possibility is the
observation that the recovery of newly synthesized apoB-
100 was dramatically reduced (20 %) in hyperthyroid liver
samples after resuspension of the 105,000 g pellet and dis-
continuous sucrose gradient centrifugation (Table 3).
This apparently selective loss of nascent apoB-100 in
hyperthyroid rat liver membrane fractions is compatible
with the recent proposal that discrete intracellular sites of
apoB degradation exist and may play a role in regulating

VLDL assembly (12, 13). The biochemical nature and
location of such a process, however, remain to be deter-
mined. Continued biosynthesis of apoB-100 in hyper-
thyroid rat liver is internally consistent with the results of
the apoB-100 mRNA editing analysis, undertaken using
hepatic RNA from these same animals. The data indicate
that 6 + 1% of the PCR products contain the unmodi-
fied (B-GLN, CAA) apoB cDNA, a value identical to that
previously reported (6). In light of the detection of newly
synthesized apoB-100 in hyperthyroid rat liver samples
prepared by homogenization in 0.25 M sucrose, the ques-
tion must be readdressed as to whether active biosynthesis
of apoB-100 can be demonstrated in adult mammalian en-
terocytes, where apoB-100 mRNA editing occurs to a
similar extent as reported above. Our own (19) and other
data (28) have demonstrated that radiolabeled intestinal
homogenates from the adult rat, prepared by either Poly-
tron disruption in Triton X-100-containing buffers or
nitrogen cavitation, contain no immunoreactive newly
synthesized apoB-100. However, the possibility exists that
the (presumably small) amounts of apoB-100 synthesized
may be rapidly degraded in the presence of detergents
and this issue is currently under investigation.

The morphology and size distribution of the nascent
VLDL isolated from the G; and G; membrane fractions
of control animals are similar to those reported by
Dolphin (29) and Dolphin and Forsyth (30). The relative
protein distribution of apoB species as determined by
Western blotting revealed a predominance of apoB-100 in
both control and hypothyroid animals, consistent with
previous reports of the apoB-100/B-48 ratio in liver per-
fusate VLDL from fasted animals (9). Nascent VLDL
isolated from the G; membrane fractions of hyperthyroid
animals demonstrated a clear predominance of apoB-48,
a finding which, taken together with the apparently nor-
malized morphology and size distribution (compared to
untreated, hypothyroid animals), suggests that VLDL
assembly and secretion may proceed in the relative
absence of apoB-100. Although this remains to be shown
directly in hyperthyroid animals, the available evidence
suggests that hepatic VLDL in the rat are assembled with
a single apoB peptide and that the majority of VLDL par-
ticles from control animals contain apoB-48 as the sole
apoB species (31). Since we have previously demonstrated
that hepatic triglyceride synthesis and secretion are nor-
malized following T; administration to hypothyroid rats
(15), we speculate that apoB-48 alone contains sufficient
conformational competence to direct effective assembly of
hepatic VLDL. H&
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