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Abstract We have studied the synthesis, modification, and 
secretion of rat apoE in primary cultures of neonatal aortic 
smooth muscle cells and adult rat hepatocytes. The cultures 
were pulsed with [35S]methionine and the intracellular and 
secreted apoE were immunoprecipitated and analyzed by two- 
dimensional isoelectric focusing/polyacrylamide gel electropho- 
resis and autoradiography. A short pulse (10 min) showed the 
presence of a major unmodified apoE form in both cultures. 
This form comigrated on two-dimensional gels with the major 
rat plasma apoE isoprotein. A longer pulse (15-120 min) resulted 
in the progressive appearance of intracellularly modified apoE 
isoproteins in both cultures. The apoE secreted by aortic smooth 
muscle cells consisted exclusively of sialated apoE isoproteins 
that were sensitive to neuraminidase treatment. In contrast, the 
apoE secreted by primary cultures of adult rat hepatocytes, 
organ cultures of neonatal rat liver, as well as rat plasma apoE, 
contained several minor modified isoproteins. Nascent apoE 
secreted by the aortic smooth muscle cell cultures floats in the 
density range of 1.09 to 1.186 g/ml. BID We conclude that aortic 
smooth muscle cells can synthesize and secrete sialated apoE 
isoproteins associated with nascent lipoproteins floating in the 
high density lipoprotein region. -Huseain, M. M., N. L. R. 
Buchcr, B. Faris, C. Franzblau, and V. I. Zannis. Tissue- 
specific posttranslational modification of rat apoE synthesis of 
sialated apoE forms by neonatal rat aortic smooth muscle cells. 
J. Lipid Res. 1988. 29: 915-923. 
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ApoE is a constituent of several lipoprotein particles, 
e.g., VLDL, HDL, chylomicron remnants, and is thought 
to play an important role in cholesterol homeostasis. 
ApoE-containing lipoproteins are recognized by LDL 
(B/E) receptors, and contribute to the clearance of cho- 
lesterol from the circulation (1). 

Rat plasma apolipoprotein E is a single polypeptide 
composed of 293 amino acids (2, 3), and is 69% homolo- 
gous to human apoE (2-4). Its primary translation 
product contains an additional 18 amino acid signal pep- 

tide. Posttranslational glycosylation has been described 
for human and rat apoE (5-7). The lack of potential N- 
glycosylation sites for both proteins implies that the 
modification(s) involve 0-glycosidic linkages (2-4). 

Although the liver may be the major site of apoE syn- 
thesis, recent studies have shown that other peripheral 
tissues are capable of synthesizing apoE (8-12). The 
present study is a part of a project designed to investigate 
the biosynthesis of apolipoproteins in vascular tissue. 
Here we report that, under the experimental conditions 
used, rat aortic smooth muscle cells synthesize and secrete 
sialated apoE isoproteins that are associated with nascent 
lipoproteins. 

EXPERIMENTAL PROCEDURES 

Materials 

Bovine serum albumin, ovalbumin, lysozyme, trypsin 
inhibitor, neuraminidase (Clostridium perfnngm), collage- 
nase type I, elastase type 111, deoxycholate, Triton X-100, 
2-mercaptoethanol, N,N,N’,N’,tetramethylenediamine, 
hydrogen peroxide (30% w/w), Tris, agarose, were pur- 
chased from Sigma. Ampholines pH 2.5, 5.8, and 3.5-10 
were purchased from LKB Instruments, Inc., Rockville, 
MD. Nonidet P-40 was purchased from Particle Data 
Laboratories, Ltd. Acrylamide was obtained from Serva 
Fine Chemicals. Glycine, methanol, and glacial acetic 
acid were purchased from Fisher Scientific Co. Sodium 
dodecyl sulfate, bisacrylamide, ammonium persulfate, 
Coomassie brilliant blue, bromophenol blue, Bio-Lytes 
pH 4-6 were obtained from Bio-Rad. Urea (ultrapure 

Abbreviations: VLDL, very low density lipoproteins; LDL, low den- 
sity lipoproteins; HDL, high density lipoproteins. 
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grade) was a product of SchwardMann. [ 35S]Methionine 
(1150 C h m o l )  was obtained from New England Nuclear. 
X-ray film Cronex 4 was purchased from Du Pont Instru- 
ments, Wilmington, DE. Methionine-free Eagle's mini- 
mum essential medium (MEM) and glutamine were pur- 
chased from Gibco. IgGSorb was obtained from the 
Enzyme Centre, Boston, MA. Rabbit anti-rat apoHDL 
was a gift from Dr. S. Lux, Children's Hospital Corpora- 
tion, Boston, MA. Rabbit anti-rat apoE was a gift from 
Dr. Weisgraber of Gladstone Foundation Laboratories, 
San Francisco, CA. 

Methods 

Rat aortic smooth muscle cell cultures. Neonatal Sprague- 
Dawley rat smooth muscle cells were grown and isolated 
from the aortae of 2-3-day-old rats as described previously 
by Oakes et al. (13). Essentially, a collagenase (10 mg) 
elastase (2.5 mg; Sigma type 111) mixture in 20 ml of 
medium without fetal calf serum was added to 20 aortae 
that were cut into small pieces. The digestion was carried 
out for 30-45 min with stirring at 37OC. The resulting cell 
suspensions were centrifuged at 400 g for 5 min, and each 
cell pellet was washed twice with Dulbecco's Modified 
Eagle's Medium containing 3.7 g/liter sodium bicarbonate, 
20% fetal bovine serum, penicillin (100 unitdml), and 
streptomycin (100 pg/ml). Each cell pellet was then 
resuspended in 2-4 ml of fresh medium. Cells in primary 
culture were seeded at 5 x lo5 cells/25 cm2 tissue culture 
flask and maintained for 7 days in 5 ml of the medium 
described above. The cells were subcultivated (first 
passage) by trypsinization (0.05 % trypsin-0.02 % EDTA; 
Gibco) for 5-8 min at 37OC. They were subsequently 
seeded at 5 x lo5 cells per 25 cm2 flask or 35-mm Petri 
dish and maintained with 2-5 ml of medium. 

Rat hepatocyte cultures. Hepatocytes were isolated from 
ad libitum fed 200-g Sprague-Dawley rats as previously 
described (14). Briefly, livers were perfused for 10 min 
with calcium-free Krebs-Ringer bicarbonate buffer, fol- 
lowed by calcium- and collagenase-containing buffer (15). 
Hepatocytes were then released into culture medium con- 
taining 5-10% dialyzed bovine serum, 200 mU of insulin, 
and 27 mM glucose, strained through nylon mesh, and 
washed several times by sedimentation and resuspension. 
The cells were counted in a hemocytometer, and after 
assessment of viability by dye exclusion, were plated in 
culture medium without serum at a density of 106 x lo3 
cells/cm2 in Lux culture dishes. After a 1-hr attachment 
period, they were refed with culture medium without 
serum. The culture medium consisted of Waymouth's 
MAB 87/3 (16), modified by omission of thymidine and 
insulin, substitution of ornithine for arginine, reduction 
of glucose to 5.5 mM, and addition of hydrocortisone 
sodium succinate (4 x M) and gentamycin (60 pglml). 
In some experiments the culture medium was Williams E 
with added dexamethasone (5 x lo-'' M) and gentamycin; 

the experimental outcome was unaffected by the change. 
The cultures were maintained at 37OC in an atmosphere 
of 5% co2/95% air for 24 hr, then used for labeling 
studies. 

Immunoprecipitation of apolipopmteins from rat serum. For 
this precipitation we used anti-rat apoHDL antiserum. In 
control experiments, we found that this antiserum pre- 
cipitated apoA-I, apoA-IV, apoE, and apoC-I11 from rat 
serum. The amount of antiserum required for optimum 
precipitation of these proteins from an aliquot of 50 p1 of 
rat serum was determined as described (17). The im- 
munoprecipitate was collected by centrifugation for 5 min 
in a microcentrifuge and was washed three times with 
normal saline. The immunoprecipitate was then dissolved 
in OFarrell's lysis buffer (18), 9.5 M urea, 2 %  (w/v) 
Nonidet P-40, 2.1% Ampholine (1.2%, pH 5.8; 0.576, pH 
2.5-4; 0.4%, pH 4-6; and 5% (w/v) 2-mercaptoethanol, 
and analyzed by two-dimensional isoelectric focusing 
polyacrylamide gel electrophoresis (19). 

Labeling of the primary cell cultures. Four- to 5-day-old 
(after first passage) aortic smooth muscle cell cultures or 
18-24-hr-old hepatocyte cultures were washed twice with 
methionine-free Eagle's minimum essential medium sup- 
plemented with 2 mM glutamine and incubated in the 
same medium for the indicated time in the presence of 
0.25 mCi of [35S]methionine for various lengths of time. 

After labeling, the medium was collected and the cells 
were lysed as described below. The cell lysate and the 
culture media were immunoprecipitated with anti-rat 
apoE or anti-rat HDL antibodies as described below and 
analyzed by two-dimensional isoelectric focusing/poly- 
acrylamide gel electrophoresis and autoradiography (19, 

Neonatal rat liver organ cultures. Neonatal livers were ob- 
tained from 3-day-old rats and were promptly (within 15 
min) used for organ cultures as described previously (19, 
20). Within 15 min of killing, the specimens were dis- 
sected into pieces with a diameter of less than 0.5 mm. 

Neuraminidase treatment. Medium obtained from cell cul- 
tures labeled for 18 to 24 hr was made to 0.1 M sodium 
acetate, pH 5.0, and treated with 2 units of neuraminidase 
(Clostridiumperfn'ngens) at 37OC for 2 hr. The reaction mix- 
ture was dialyzed against 10 mM sodium phosphate, pH 
7.2, 85 mM NaCl, 5 mM KCl. It was then adjusted to a 
final concentration of 10 mM sodium phosphate, pH 7.2, 
85 mM NaC1, 5 mM KC1, 0.25% deoxycholate, 0.5% 
Triton X-100, and 0.5% sodium dodecyl sulfate, and used 
for immunoprecipitation. 

Analysis of cell &sate and culture media for apoE synthesis. The 
cell cultures were washed and lysed in a solution contain- 
ing 10 mM sodium phosphate, pH 7.2, 85 mM NaCl, 
5 mM KC1, 0.5% deoxycholate, and 1% Triton X-100. 
The cell lysate was diluted 1:l with a solution of 10 mM 
sodium phosphate, pH 7.2, 85 mM NaCl, 5 mM KCl, 1% 
sodium dodecyl sulfate, and centrifuged for 5 min in a 

20). 
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microcentrifuge; the supernatant was retained. The cell 
media were centrifuged in a microfuge to remove cell 
debris and were adjusted to a final concentration of 10 
mM sodium phosphate, pH 7.2, 85 mM NaCl, 5 mM 
KCl, 0.25% deoxycholate, 0.5% Triton X-100, and 0.5% 
sodium dodecyl sulfate. 

An aliquot of 10 pl of anti-rat HDL or anti-rat apoE 
was added to 1 ml of cell lysate or culture medium pre- 
pared as described above and the mixture was incubated 
at 4% overnight. Next, a 100-pl aliquot of 10% IgGSorb 
suspension was added followed by an additional hour of 
incubation at 4%. The mixture was centrifuged for 30 sec 
in a microcentrifuge. The pellet was washed once by 
resuspension and 30 sec centrifugation in a buffer con- 
taining 10 mM sodium phosphate, pH 7.2, 85 mM NaCl, 
5 mM KC1, 0.5% deoxycholate, 1.0% Triton X-100, 1.0% 
sodium dodecyl sulfate, and 1 mg/ml bovine serum albu- 
min, then four times in the same buffer without albumin. 
The immunoprecipitates obtained from the cell lysates 
and the culture media were dissolved in OFarrell’s lysis 
buffer (18) and analyzed by two-dimensional isoelectric 
focusing/polyacrylamide gel electrophoresis and auto- 
radiography. 

Quant$cation of apoE isoproteins. To quantify the apoE 
isoproteins, the apoE isoprotein spots were excised from 
one- or two-dimensional polyacrylamide gels and solu- 
bilized in 2.5 ml of 30% (w/v) H 2 0 2  at 60°C in a scintilla- 
tion vial. The solubilized acrylamide was then mixed 
with 15 ml of scintillation fluid and counted in an LKB 
scintillation counter. 

Density gradient ultracentribgation. Smooth muscle cells 
from one 150-mm flask were grown in 4 ml of methionine- 
free minimum essential medium containing [3JS]methio- 
nine for 6 hr. The culture medium was collected and ana- 
lyzed by discontinuous density gradient ultracentrifugation 
(21). For this analysis, a 2.25-m1 aliquot of the culture 
medium was adjusted to a density of 1.21 g/ml with potas- 
sium bromide, placed in a cellulose nitrate tube, and over- 
laid sequentially with 1.75 ml of potassium bromide solu- 
tion of d 1.15 g/ml, 3 ml each of potassium bromide 
solutions of d 1.063 g/ml and d 1.019 g/ml, and then 
normal saline. The tubes were then centrifuged in a Beck- 
man SW41 rotor at 35,000 rpm for 22 hr. After centrifuga- 
tion, 12 one-ml fractions were collected from the top of the 
tube with the Haake/Buchler Fraction Collector, dialyzed, 
lyophilized, and suspended in OFarrell’s lysis buffer (18). 
Two-thirds volume of each fraction was analyzed by one- 
dimensional SDS polyacrylamide gradient gel electropho- 
resis and one-third was analyzed by two-dimensional iso- 
electric focusing/polyacrylamide gel electrophoresis. The 
density of contents of a blank tube was determined by a 
refractometer. 

Gradient SDS polyacrylamide gel electrophoresis. Gradient 
SDS polyacrylamide gel electrophoresis was performed on 
vertical slab gels of 17 x 20.5 cm with a thickness of 1.5 

mm. The separating gel consisted of linear 4-1846 acryla- 
mide (acrylamide to bisacrylamide ratio 2.92% to 0.06%) 
gradient in 0.375 M Tris-HC1 buffer, pH 8.8, containing 
0.1% SDS, 0.017% ammonium persulfate, and 0.1% 
TEMED. The stacking gel was comprised of 2.92% 
acrylamide and 0.08% bisacrylamide in 0.125 Tris-HC1, 
pH 6.8, containing 0.1% SDS, 0.03% ammonium persul- 
fate, and 0.2% TEMED. Electrophoresis was performed 
at a constant voltage of 50 volts for 1 hr and then at 110 
volts until the marker dye reached the bottom of the 
separating gel. 

After electrophoresis, the gels were fixed in 50% 
methanol and 10% acetic acid for 1 hr and stained in a 
solution of 0.25% Coomassie brilliant blue, 50% methanol, 
and 10% acetic acid for 30-45 min. Destaining was 
accomplished by sequential exposure of the gel for a 
period of % to 2 hr to 100 ml of fixing solution (10% acetic 
acid, 50% methanol) followed by 200 ml of water until 
proper stain background was achieved. The gels were 
dried using a slab gel dryer and then exposed to Cronex-4 
film. 

Two-dimensional isoelectric focusing/polyacrylamide gel electro- 
phoresis. Two-dimensional equilibrium isoelectric focusing/ 
polyacrylamide gel electrophoresis was performed accord- 
ing to the method of O’Farrell (18) with previously 
described modifications (19, 20). The ampholytes used 
were Bio-Lyte pH 5-8 (1.5%), Bio-Lyte pH 2.5-4 (0.2%), 
and Bio-Lyte pH 4-6 (0.5%). For the second dimension, 
the focused cylindrical gels were thawed quickly and 
placed on slab gels. The slab gels (19.5 x 20.5 cm with a 
thickness of 0.5 mm) consisted of the separating gel 
(13.7% acrylamide and 0.37% bisacrylamide) and the 
stacking gel (4.4% acrylamide and 0.12% bisacrylamide). 
Electrophoresis was performed at a constant voltage. 
After electrophoresis, the gels were processed as above. 

RESULTS 

Synthesis of apolipoproteins by primary cultures 
of rat aortic smooth muscle cells and rat hepatocytes 

To identify the apolipoproteins synthesized by primary 
cultures of rat aortic smooth muscle cells and rat hepato- 
cytes, the cultures were labeled with [35S]methionine for 
4 hr and the apolipoproteins were immunoprecipitated 
with anti-rat HDL or anti-rat apoE as explained in 
Experimental Procedures. In control experiments the 
anti-rat HDL precipitated apoA-I, apoA-Iv, apocs, 
and apoE from rat plasma (data not shown). This analy- 
sis showed that primary cultures of aortic rat smooth 
muscle cells synthesize and secrete a series of iso- 
proteins that could be precipitated both with anti-rat 
HDL and anti-rat apoE (Fig. 1A; see also Fig. 2K). 
These proteins were subsequently identified as sialated 
apoE isoproteins. No proteins corresponding to apoA-IV, 
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Smooth Muscle Cells  Hepatocytes 

Fig. 1. Analysis of the  culture medium of primary  cultures of aortic smooth muscle cells (panel A) and rat hepato- 
cytes (panel B) for apolipoprotein synthesis. The cultures  were  grown in medium containing ["Slmethionine for 
4 hr  and  the  secreted apolipoproteins were  immunoprecipitated  with  anti-rat HDL from  the  culture medium and 
analyzed by two-dimensional isoelectric focusing/polyacrylamide gel electrophoresis  and  autoradiography as 
explained in  Experimental  Procedures. This figure  shows  the  autoradiogram obtained from  this analysis. The posi- 
tions of rat apoproteins are indicated. The symbol (0) in  panels  A  and B indicates  the  position of the  major  plasma 
apoE and a*-I isoprotein,  respectively. 

apoA-I, and apoC-I11 could be immunoprecipitated 
from the  aortic smooth muscle media  using  anti-rat 
HDL antiserum.  Similar analyses showed that  primary 
cultures of rat hepatocytes secrete into  the  culture 
medium apoA-I,  apoA-IV, apoE,  and apoC-111 which 
comigrate  on two-dimensional gels with their plasma 
counterparts (Fig. 1B). All the above apolipoproteins  can 
also be isolated by ultracentrifugation of the  culture 
medium  (data not shown). 

Intracellular  modification  and  secretion of apoE 
synthesized by rat aortic  smooth muscle cells 
and  rat hepatocytes 

The time course of intracellular apoE modification and 
secretion was  assessed by labeling  experiments of smooth 
muscle cells and hepatocyte cultures. Fig. 2 shows a 
typical labeling experiment. In this and  other similar ex- 
periments, primary  cultures of rat  aortic smooth muscle 
cells and hepatocytes were pulsed with [s5S]methionine. 
The intracellular and extracellular apoE was immuno- 
precipitated with anti-rat  apoHDL  and analyzed by two- 
dimensional isoelectric focusing/polyacrylamide gel elec- 
trophoresis and autoradiography. In some cases, the  apoE 
isoproteins were excised from the gels, solubilized, and 
counted. 

A short pulse (10 min) showed the presence of one 
major unmodified apoE isoprotein designated E3 (Fig. 1, 
A and B). This isoform  was designated apoE3 because it 
is the major plasma form. This is analogous to  the desig- 
nation of E3 for the major human plasma form. This form 

coincided on two-dimensional gels with the major rat 
plasma apoE isoproteins. A longer pulse (15-45 min) 
resulted in the progressive appearance of  new intracellu- 
larly modified apoE isoproteins in both  cultures (Fig. 1, 
C through F). The apoE secreted by the  aortic smooth 
muscle cells consisted of three distinct modified apoE 
isoproteins that differed from the  major unmodified apoE 
isoprotein by one, two, and  three charges, respectively; 
they were designated as E3,2, and E3,3. This iso- 
protein  pattern was similar regardless of the  antibody 
(anti-rat HDL  or anti-rat  apoE) used for immunoprecipi- 
tation  (compare Fig. 2, I and K). The relative concentra- 
tions of these isoproteins were E3,l = 59%, E3,2 = 14%, 
and E3,3 = 27% (Fig. 1, G and I). In  contrast,  the  apoE 
secreted by primary  cultures of rat hepatocytes consisted 
mainly of one  major unmodified form designated apoE3 
and several minor apoEs. The major unmodified apoE3 
form and a minor isoprotein designated apoE3,l co- 
migrated on two-dimensional gels with the  corresponding 
smooth muscle cell apoE isoproteins. The other  minor 
apoE isoproteins differed from apoE3 by isoelectric point 
and/or molecular weight (Fig. 2, H and J). The isoprotein 
patterns were similar when apoE w a s  immunoprecipitated 
with either  anti-rat HDL  or anti-rat  apoE  (compare 
Fig. 2, J and L). To assess  possible age-dependent differ- 
ences in the posttranslational modification of hepatic 
apoE, we studied  the synthesis and modification of this 
protein by organ  cultures of neonatal (3-day-old) liver. 
This analysis showed that  apoE isoproteins secreted by 
these cultures have similar features and overlap on two- 
dimensional gels with the  apoE synthesized by the 
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Fig. 2. Time course of intracellular modification of rat apoE synthesized by rat  aortic smooth muscle cells (SMC) 
and hepatocytes (HEP). Cell cultures grown in 35-mm Petri dishes were  pulsed continuously with 0.25 mCilml 
["Slmethionine for the indicated times. The cell lysate and the  culture medium were collected, immunoprecipitated 
(A-J with anti-rat HDL, K and L with anti-rat  apoE)  and analyzed by two-dimensional isoelectric focusinglpoly- 
acrylamide gel electrophoresis and autoradiography as explained in Experimental Procedures. This figure shows the 
autoradiogram obtained from this analysis. Only regions of the  autoradiogram corresponding to  apoE  are shown. 
E3 is the unmodified precursor. E3,2, and E3,3 are the sialated apoE isoproteins. Note that different isoforms 
appear intracellularly in both cultures after 15 min. Only the modified apoE forms appear in the  culture medium 
(panels G, I, and K) of aortic smooth muscle cells, whereas unmodified and modified forms of apoE  appear in the 
culture medium of rat hepatocytes. The symbol (0) in panels G, I, and K indicates the position of the major plasma 
apoE isoprotein. 

primary  cultures of adult  rat hepatocytes (data not Treatment of secreted apoE with neuraminidase 
shown). These findings suggest that  the posttranslational 
modification of hepatic  apoE is not dependent on the age To identify the  nature of apoE modification, the 
of the hepatocytes. Thus the complete sialation of apoE secreted apoE was treated with neuraminidase. The 
secreted by aortic smooth muscle cells  is a distinct feature smooth muscle cells and hepatocytes were labeled for 18 hr 
of these cells. The type(s) of posttranslational modifica- with [35S]methionine and  the labeled medium was treated 
tion of apoE produced by different cell types or tissues with neuraminidase (Fig. 3, A and B). This  treatment 
remains  to be determined. resulted in loss  of  all the acidic isoproteins of smooth 
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cent  apoE floats in the  density  range of 1.09-1.186 g/ml 
(Fig. 4A). The relative concentration of apoE isoproteins 
isolated by ultracentrifugation is similar to  that obtained 
by immunoprecipitation of apoE. 

Fig. 3. Effect  of neuraminidase treatment  on  the isoprotein composi- 
tion of nascent rat apoE  primary cultures of aortic smooth muscle cells. 
The cell cultures were labeled with ["Slmethionine for 18 hr. The cul- 
ture medium was treated with C. p n f n n p u  neuraminidase, immuno- 
precipitated, and analyzed by two-dimensional isoelectric focusinglpoly- 
acrylamide gel electrophoresis and autoradiography as explained in 
Experimental Pmedures and Fig. 1. This figure shows the autoradiogram 
obtained from the analysis of aortic smooth muscle cell cultures (panels 
A  and B). The sample in panel A was  not treated with neuraminidase 
whereas panel B was.  Note that in the  aortic smooth muscle cell cultures, 
neuraminidase converts the sialo (apoE3,) forms to asialo (apoE3) forms 
(panels A  and B). 

muscle cell apoE,  resulting in two populations of apoE 
with the  same PI but different molecular weight. One 
form comigrated  on two-dimensional gels with the  un- 
modified apoE3 whereas the  other had slightly higher 
molecular weight. Treatment of the hepatocyte medium 
with neuraminidase resulted in the loss of the acidic iso- 
protein apoE3,I (data not shown) and is  in accordance 
with the  finding of Reardon  et al. (22). 

Association of nascent  apoE with lipoprotein particles 

We have examined  the ability of nascent  apoE secreted 
by the  aortic smooth muscle cells to associate with lipo- 
protein particles by density  gradient  ultracentrifugation 
as explained in Methods. This analysis showed that nas- 

Fig. 4. Analysis of the nascent apoE secreted by primary cultures of 
aortic smooth muscle cells by density gradient ultracentrifugation. 
Aortic smooth muscle cell cultures were labeled with ["Slmethionine 
and analyzed by density gradient ultracentrifugation as explained in 
Experimental Procedures. Twelve fractions were  collected and the top 
ten fractions were analyzed by one- or two-dimensional g e l  electrophore- 
sis and autoradiography. Panel A shows one-dimensional analyses of 
0.75-ml fractions following dialysis and lyophilization. The first lane 
contains protein molecular weight markers as follows: a) myosin, 200K; 
b) beta-galactosidase, 116.25K; c) phosphorylase B, 92.5K; d) bovine 
serum  albumin, 66.2K; e) ovalbumin, 45K. r) aldolase, 40K. g)  human 
apoA-I, 28K; h) bovine chymotrypsinogen, 25.7K; i) trypsin inhibitor, 
19K; j) lysozyme, 14.7K. The density of the fractions 1-10 (in g/ml) are 
as follows: 1, 1.005; 2.  1.012; 3. 1.016; 4, 1.028; 5, 1.044; 6, 1.062; 7. 1.09; 
8, 1.124; 9, 1.152; and 10,  1.186. Panel B shows two-dimensional analysis 
of 0.25-ml aliquots of  pooled fractions 7-10 following dialysis and 
lyophylization. Note that the isoprotein composition of apoE obtained by 
ultracentrifugation is similar to that obtained by immunoprecipitation 
(compare Figs. 21 and 4B). 
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DISCUSSION 

Rat plasma apolipoprotein E is a single polypeptide 
composed of 293 amino acids of known sequence (2, 3). 
Synthesis of this protein has been demonstrated in a 
variety of rat tissues including cells of central and 
peripheral nervous system (8-12, 23, 24). It is believed 
that, similar to its human counterpart, rat apoE directs 
the catabolism of lipoprotein particles by hepatic and 
extrahepatic (B/E) receptors (1, 25, 26), and through this 
action it helps maintain cellular cholesterol homeostasis. 

An interesting aspect of human and rat plasma apoE is 
that both are composed of numerous isoproteins (27, 28). 
Studies with the human apoE have established that the 
more acidic and higher molecular weight apoE isoproteins 
result from posttranslational modification of this protein 
with 0-linked carbohydrate chains containing sialic acid 
(27). Furthermore, it was shown that human apoE is 
secreted in the form of di-, tetra-, and hexasialated forms 
and is subsequently desialated in plasma (7, 29). 

The present study shows that, similar to its human 
counterpart, apoE synthesized by rat aortic smooth mus- 
cle cells is modified intracellularly with carbohydrate 
chains containing 1, 2, and 3 sialic acid residues and is 
secreted exclusively in the modified form. The primary 
sequence of rat apoE shows absence of N-linked glycosyla- 
tion sites (2, 3). Thus, the present data imply that apoE 
synthesized by aortic smooth muscle cells contains one or 
more 0-linked carbohydrate chains containing sialic acid 
residues. The relative abundance of the modified apoE 
isoproteins secreted into the culture medium is E3,I = 

5976, E3,z = 14%, E3,3 = 27%. The rat aortic smooth 
muscle cell system permitted us to address the question of 
whether the apoE is secreted in the form of a lipoprotein 
particle or in the lipid-free form. The density gradient 
centrifugation experiments did show that lipoprotein par- 
ticles containing nascent apoE float in the density range 
of 1.09-1.186 g/ml. Furthermore, the isoprotein profile of 
apoE isolated by ultracentrifugation was similar to that 
obtained by immunoprecipitation. This latter observation 
suggests that different degrees of modification did not 
affect the lipid binding properties of the nascent apoE 
isoproteins. These studies clearly indicate that smooth 
muscle cells derived from rat aorta are capable of syn- 
thesizing apoE which associates with lipoprotein particles 
floating in the HDL region. 

Labeling of the rat hepatocyte cultures has shown that 
following synthesis the hepatic apoE undergoes only 
limited sialation producing the apoE3,l form. Other 
modified apoE isoproteins differing in isoelectric point 
and/or molecular weight appear intracellularly and in the 
culture medium after the cultures were labeled for 45 
min. The unmodified as well as the modified apoE forms 
are secreted into the culture medium. The ratio of the 
secreted unmodified to the modified apoE forms has been 

estimated as 2/1. The sialated apoE form was estimated to 
be less than 10% of the total apoE. These findings are 
consistent with modifications reported recently for 
hepatic and plasma rat apoE (22, 28). 

An interesting and unexpected finding in this study was 
that the intracellular modification of the hepatic rat apoE 
is drastically different from that observed in the cultures 
of aortic smooth muscle cells. These studies showed that 
the newly synthesized hepatic apoE consists of one major 
unmodified isoprotein (apoE3) which comigrates on two- 
dimensional gels with its plasma counterpart. 

The unmodified a p E 3  isoprotein and the monosialated 
apoE3,I isoprotein synthesized by rat hepatocytes overfap 
on two-dimensional gels with the corresponding isopro- 
teins synthesized by aortic smooth muscle cells. These 
data suggest, but do not prove, that these two proteins are 
the products of the same gene. 

The modification of secretory glycoproteins like apoE 
occurs in an intracellular membrane system which con- 
sists of the endoplasmic reticulum (ER) and the Golgi 
complex. In addition, transfer vesicle and secretory vesi- 
cles are involved in the movement of the modified proteins 
from ER to Golgi and their secretion to the extracellular 
space (30, 31). Carbohydrate chains can be linked either 
to the asparagine residues of the protein chains through 
N-linked glycosidic bonds or to serine or threonine residues 
through 0-linked glycosidic bonds (30-33). The findings 
that both rat aortic smooth muscle cultures and hepato- 
cyte cultures can modify apoE3 to apoE3,I suggest that 
the glycosylation sites and the modifying machinery exist 
in both systems. However, other factors relevant to the 
intracellular movement of the proteins and their associa- 
tion with lipid components may affect the extent of apoE 
glycosylation. 

It has been suggested that the synthesis of apoE by 
peripheral tissues could probably provide a mechanism 
for cholesterol redistribution between the tissues (34, 35), 
or transport to liver for excretion (8). The physiological 
significance of protein glycosylation has been studied in 
several systems. There is evidence that oligosaccharide 
moieties can serve as signals for protein clearance from 
serum (36), for directing lysosomal enzymes to their 
target organelles (37), for biological function of glyco- 
proteins (38-40), or for regulation of the cell cycle 
(41-44). The different posttranslational modifications 
observed between the rat smooth muscle cell and hepato- 
cyte cultures may impart different biological functions to 
lipoprotein particles. Thus, liver may recognize desialated 
apoE, and secretion of sialated apoE by the smooth muscle 
cells may be a mechanism to combat excessive accumula- 
tion of lipids in the aortic tissue. Further studies are 
required to understand the control mechanisms for apo- 
lipoprotein synthesis by these cells and the role, if any, of 
endogenous lipoprotein synthesis in the well-being of the 
blood vessel. It would be interesting to know the effects of 
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vascular injury andlor disease, such as atherosclerosis and 
hypertension, on the expression of lipoprotein synthesis 
by vascular smooth muscle cells. I 

This work was supported by grants from the National Institutes 
of Health (HL33952, HL13262, HL19717, and HL33522) and 
the National Science Foundation (DCB8400173). Dr. Vassilis I. 
Zannis is an Established Investigator of the American Heart 
Association. This research was performed at the Silvio OConte 
Research Center and the Housman Medical Research Center of 
Boston University Medical Center. We would like to thank 
Elizabeth Walsh and Gayle Forbes for their expert assistance. 
Manuscript received 22 September 1987 and in reuisedform 1 December 1987. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

Mahley, R. W., and T. L. Innerarity. 1983. Lipoprotein 
receptors and cholesterol homeostasis. Biochim. Biophys. 
Acta. 737: 197-222. 
McLean, J. W., C. Fukazawa, and J. M. Taylor. 1983. Rat 
apolipoprotein E mRNA. Cloning and sequencing of 
double-stranded cDNA. J.  Biol. Chem. 258: 8993-9000. 
Fung, W-P., G. J. Howlett, and G. Schreiber. 1986. Struc- 
ture and expression of the rat apolipoprotein E gene.J. Biol. 
Chem. 261: 13777-13783. 
Rall, S. C., K. H. Weisgraber, and R. W. Mahley. 1982. 
Human apolipoprotein E. The complete amino acid 
sequence. J.  Biol. Chem. 257: 4171-4178. 
Reardon, C. A,, R. V. Hay, J. I. Gordon, and G. S. Getz. 
1984. Processing of rat liver apoprotein E primary transla- 
tion product. J.  Lipid Res. 25: 348-360. 
Lin-Lee, Y. C., W. A. Bradley, and L. Chan. 1981. mRNA- 
Dependent synthesis of rat apolipoprotein E in vitro: 
cotranslational processing and identification of an endo- 
glycosidase H-sensitive glycoprotein intermediate. Biochem. 
Biophys. Res. Commun. 99: 654-661. 
Zannis, V. I., J. vanderspek, and D. Silverman. 1986. 
Intracellular modifications of human apolipoprotein E. 
J. Biol. Chem. 261: 13415-13421. 
Basu, S. K., M. S. Brown, Y. K. Ho, R. J. Havel, and J. L. 
Goldstein. 1981. Mouse macrophages synthesize and secrete 
a protein resembling apolipoprotein E. Pmc. Nati. Acad. Sci. 

Reue, K. L., D. H. Quon, K. A. ODonnell, G. J. Dizikes, 
G. C. Fareed, and A. J. Lusis. 1984. Cloning and regulation 
of messenger RNA for mouse apolipoprotein E. J. Biol. 

Driscoll, D. M., and G. S. Getz. 1984. Extrahepatic synthe- 
sis of apolipoprotein E. J.  Lipid Res. 25: 1368-1379. 
Newman, T. C., P. A. Dawson, L. L. Rudel, and D. L. 
Williams. 1985. Quantitation of apolipoprotein E mRNA 
in the liver and peripheral tissues of nonhuman primates. 
J.  Biol. Chem. 260: 2452-2457. 
Zannis, V. I., F. S. Cole, C. L. Jackson, D. M. Kurnit, and 
S. K. Karathanasis. 1985. Distribution of apolipoprotein 
A-I, C-11, C-111, and E mRNA in fetal human tissues. 
Time-dependent induction of apolipoprotein E mRNA by 
cultures of human monocyte-macrophages. Biochemisty. 24: 

Oakes, B. W., A. C. Batty, C.J. Handley, and L. B. Sandberg. 
1982. The synthesis of elastin, collagen, and glycosaminogly- 
cans by high density primary cultures of neonatal rat aortic 

USA. 78: 7545-7549. 

Chem, 259: 2100-2107. 

4450-4455. 

smooth muscle. An ultrastructural and biochemical study. 
Eut: J.  Cell Biol. 27: 34-46. 

14. McGowan, J. A., A. J. Stronin, and N. L. Bucher. 1981. 
DNA synthesis in primary cultures of adult rat hepatocytes 
in a defined medium: effects of epidermal growth factor, 
insulin, glucagon, and cyclic-AMP. J.  Cell. Physiol. 108: 

15. Seglen, P. 0. 1976. Preparation of isolated rat liver cells. 
Methodr Cell Biol. 13: 29-83. 

16. Waymouth, C. 1976. TCA Manual. 3: 521-525. 
17. Zannis, V. I., V. Rooney, P. Fraser, and J. L. Breslow. 1983. 

Use of electrophoretic techniques for detection of molecular 
defects of lipoprotein metabolism. In CRC Handbook of 
Electrophoresis. Vol. 111. L. A. Lewis, editor. CRC Press, 
Boca Raton, FL. 319-348. 

18. OFarrell, P. H. 1975. High resolution two-dimensional 
electrophoresis of proteins. J.  Bioi. Chem. 250: 4007-4021. 

19. Zannis, V. I., D. M. Kurnit, and J. L. Breslow. 1982. 
Hepatic apoA-I and apoE and intestinal apoA-I are synthe- 
sized in precursor isoprotein forms by organ cultures of 
human fetal tissues. J.  Bioi. Chem. 257: 536-544. 

20. Zannis, V. I., J. L. Breslow, and A. J. Katz. 1980. 
Isoproteins of human apolipoprotein A-I demonstrated in 
plasma and intestinal organ culture. J.  Biol. Chem. 255: 

Redgrave, T. G., D. C. K. Roberts, and C. F. West. 1975. 
Separation of plasma lipoproteins by density-gradient 
ultracentrifugation. Anal. Biochem. 65: 42-49. 

22. Reardon, C. A,, D. D. Driscoll, R. A. Davis, R. A. 
Borchardt, and G. S. Getz. 1986. The charge polymorphism 
of rat apoprotein E. J.  Biol. Chem. 261: 4638-4645. 

23. Boyles, J. K., R. E. Pitas, E. Wilson, R. W. Mahley, and 
J. M. Taylor. 1985. Apolipoprotein E associated with astro- 
cytic glia in the central nervous system and with non- 
myelating glia of the peripheral nervous system. J Ciin. 
Invest. 76: 1501-1513. 

24. Ignatius, M. J., P. J. Gebicke-Harter, J. H. Pate Skene, 
J. W. Schilling, K. H. Weisgraber, R. W. Mahley, and 
E. M. Shooter. 1986. Expression of apolipoprotein E 
during nerve degeneration and regeneration. Proc. Null. 
Acad. Sci. USA. 83: 1125-1129. 

25. Pitas, E., T. L. Innerarity, K. S. Arnold, and R. W. 
Mahley. 1981. Rate equilibrium constants for binding of 
apo-E HDLc (a cholesterol-induced lipoprotein) and low 
density lipoproteins to human fibroblasts. Evidence for 
multiple receptor binding of apoA-E HDLc. Proc. Nati. 
Acad. Sci. USA. 76: 2311-2315. 

26. Hui, D. Y., T. L. Innerarity, and R. W. Mahley. 1981. 
Lipoprotein binding to canine hepatic membranes. J. Bid. 
Chem. 256: 5646-5655. 
Zannis, V. I., and J. L. Breslow. 1981. Human VLDL apoE 
isoprotein polymorphism is explained by genetic variation 
and post-translational modifications. BzochemisfT. 20: 1033- 
1041. 
Zannis, V. I., S. K. Karathanasis, and J. L. Breslow. 1986. 
Intra- and extracellular modifications in apolipoproteins. 
Methodr Entymol. 128: 690-712. 

29. Zannis, V. I., J. McPherson, G. Goldberger, S. K. Karatha- 
nasis, and J. L. Breslow. 1984. Synthesis, intracellular 
processing and signal peptide of human apoE. J Biol. Chem. 
259: 5495-5499. 

30. Hubbard, S. C., and R. J. Ivatt. 1981. Synthesis and 
processing of asparagine-linked oligosaccharides. Annu. Rev. 
Biochem. 50: 555-583. 
Lennarz, W. 1983. Overview. Role of intracellular mem- 

353-363. 

8612-861 7. 
21. 

27. 

28. 

31. 

922 Journal of Lipid Research Volume 29, 1988 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


brane systems in glycosylation of proteins. Meihodr Enzymol. 

32. Hanover, J., W. J. Lennarz, and J. D. Young. 1980. Synthe- 
sis of N- and 0-linked glycopeptides in oviduct membrane 
preparations. J.  Biol. Chem. 255: 6713-6716. 

33. Hanover, J., J. Elting, G. R. Mintz, and W. J. Lennarz. 
1982. Temporal aspects of the N- and 0-glycosylation of 
human chorionic gonadotropin. J.  Biol. Chem. 257: 10172- 
10177. 

34. Blue, M. L., D. L. Williams, S. Zucker, S. A. Khan, and 
C. B. Blum. 1983. Apolipoprotein E synthesis in human 
kidney, adrenal gland and liver. Pmc. Natl. had .  Sci. USA. 

35. Gordon, V., T. L. Innerarity, and R. W. Mahley. 1983. For- 
mation of cholesterol- and apoprotein E-enriched high den- 
sity lipoproteins in vitro. J.  Biol. Chem. 258: 6202-6212. 

36. Ashwell, G., and J. Harford. 1982. Carbohydrate-specific 
receptors of the liver. Annu. Rev. Biochcm. 51: 531-554. 

37. Sly, W. S. 1982. The uptake and transport of lysosomal en- 
zymes. In The Glycoconjugates. Vol. IV. Glycoproteins, 
Glycolipids, and Proteoglycans. M. J. Horowitz, editor. 
Academic Press, New York, London. 3-25. 

98: 91-97. 

8 0  283-287. 

38. Kalyan, N. K., and 0. P. Bahl. 1983. Role of carbohydrate 
in human chorionic gonadotr0pin.J. BWI. Ch". 258: 67-74. 

39. Chavin, S. E, and S. 3. Weidner. 1984. Blood clotting factor 
IX. Loss of activity after cleavage of sialic acid residues. 
J.  Biol. Chem. 259: 3387-3390. 

40. Slieker, L. J., and M. D. Lane. 1985. Post-translational 
processing of the epidermal growth factor receptor. J. BioZ. 

Nishikawa, Y., Y. Yamamoto, K. Kaji, and H. Mitsui. 1980. 
Reversible G1 arrest of a human Burkitt lymphoma cell line 
(Raji) induced by tunicamycin. Biochem. Biophys. Res. 
Commun. 97: 1296-1303. 

42. Arnold, E., and W. Tanner. 1982. Analysis of hepatic 
growth hormone binding sites of pregnant rabbit cross- 
linked to '251-labelled to human growth hormone. FEBS 
Leit. 148: 49-53. 

43. Savage, K. E., and P. S. Baur. 1983. Effect of tunicamycin, 
an inhibitor of protein glycoproteins, on division of tumour 
cells in vitro. J. Cell Sci. 64: 295-306. 

44. Klebl, E, T. Huffaker, and W. Tanner. 1984. A temperature- 
sensitive N-glycosylation mutant of S. ccretisiac that behaves 
like a cell-cycle mutant. Exp. Cell Rcs. 150: 309-313. 

Chem. 260: 687-690. 
41. 

Hussain et al. Posttranslational modification of rat apoE in aortic smooth muscle cells 923 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

