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Abstract Apolipoprotein B is the principal protein associated 
with cholesterol transport in the blood and has been proposed to 
play a central role in human atherogenesis. The unique hydro- 
phobic nature of this large (512 kDa), glycosylated apolipoprotein 
differs from that of the other apolipoproteins. Since another apo- 
lipoprotein, apolipoprotein A-I, has been recently shown to have 
covalently bound fatty acids, potential fatty acid acylation of 
apolipoprotein B was investigated. The human hepatoma cell line, 
Hep G2, synthesizes apoB-100 and secretes the apolipoprotein into 
the culture medium. After a 24-hr incubation with ["Clpalmi- 
tate and [ '*C]stearate, the label was incorporated into apoB-100 
when assessed by a sodium dodecyl sulfate polyacrylamide gel elec- 
trophoresis, autoradiography, immunoblot analysis, and immuno- 
precipitation. Hydroxylamine treatment, which hydrolyzes ester 
and thioester bonds, removed the radiolabel. ApoB-100 isolated 
from Hep G2 cells by ultracentrifugation and preparative sodium 
dodecyl sulfate gel electrophoresis was hydrolyzed and analyzed 
by gas-liquid chromatography-mass spectrometry. In contrast to 
circulating apoB in low density lipoproteins, both palmitate and 
stearate were present in newly synthesized apoB-100. These 
results establish that newly synthesized apoB-100 undergoes cova- 
lent acylation with palmitate and stearate. The acylation of apoB 
may play an important role in lipoprotein particle secretion. In 
addition, derangements in apoB fatty acid acylation may lead to 
dyslipoproteinemia. - Hoeg, J. M., M. 5' Meng, R. Ronan, S. J. 
Demosky, Jr., T. Fairwell, and H. B. Brewer, Jr. Apolipoprotein 
B synthesized by Hep G2 cells undergoes fatty acid acylation. J. 
Lipid Res. 1988. 29: 1215-1220. 
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The human apolipoproteins have been shown to undergo 
several cotranslational and posttranslational modifications 
including proteolytic cleavage (1-4), glycosylation (5-8), 
and deamidation (9). These structural alterations may play 
physiologic as well as pathophysiologic roles. Another cova- 
lent modification of apolipoprotein structure that has been 
evaluated involves covalent attachment of fatty acid to the 
apolipoprotein. In an effort to understand the hydrophobic 
nature of the proteins associated with lipoproteins, Fisher 
and Gurin (10) reported that long chain fatty acids were 
associated with plasma lipoprotein that floated with a den- 

sity < 1.21 g/ml. However, the identification of the am- 
phipathic helix and its proposed role in apolipoprotein 
binding to the aqueous-lipid interface of lipoprotein (11, 
12) focused attention upon the primary structure of the apo- 
lipoproteins. Using the human hepatoma cell line Hep G2, 
we recently demonstrated that newly secreted apolipopro- 
tein A-I is covalently acylated with palmitate (13). Since 
apoB-100 is the principal apolipoprotein associated with cir- 
culating plasma cholesterol (14), a study of potential fatty 
acid acylation in newly secreted apoB-100 as well as cir- 
culating apoB-100 was undertaken. 

EXPERIMENTAL PROCEDURES 

Cell culture 

Investigation of nascent apolipoprotein structure was 
conducted utilizing the hepatoma cell line Hep G2, a gift 
from Dr. B. Knowles and Dr. D. Aden (15). Cells were 
maintained in Eagle's minimum essential medium supple- 
mented with 10% fetal bovine serum (.,'.), at 37OC in a 
humidified incubator in an atmosphere of 5% CO2, 95% 
air. To isolate nascent apoB-100, preconfluent Hep G2 cells 
were incubated in a 150-cm2 flask (Falcon) for 20-24 hr in 
unsupplemented, serum-free Eagle's minimum essential 
medium with 50 uCi of one of the following products from 
New England Nuclear: [U- '*C]palmitate (800 mCi/mmol), 
[l-"C]stearate (60 mCi/mmol), [1-"Cloleate (60 mCi/ 
mmol), or [l-'*C]myristate (60 mCi/mmol). In control ex- 
periments, serum-free media aliquots were harvested after 
a 24-hr incubation with Hep G2 cells. These media were 
then incubated in the presence of 50 uCi of [U-"Clpalmi- 
tate for 24 hr in a 37OC incubator as previously described 
except that the exposure of the media to the palmitate was 

Abbreviations: apoB, apolipoprotein B; NaDodSO,, sodium dodecyl 
sulfate; LDL, low density lipoproteins; PAGE, polyacrylamide gel elec- 
trophoresis. 
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in the absence of cells. The apoB was immunoprecipitated 
from the media and the samples wre processed as outlined 
below. 

Harvested media were chilled to 4OC and the following 
enzyme inhibitors were added to the medium (final concen- 
tration): Na-p-tosyl-L-lysine methylester (30 mg/l), phenyl- 
methylsulfonyl fluoride (30 mg/l), metrizimide (30 mg/l), 2- 
nitro-4-carboxyphenyl N, N, -diphenylcarbamate (30 mg/l), 
p-aminobenzyl-l-thio-2-acetamido-2-deoxy 1-D-ghcopyran- 
oside (30 mg/l), 1-10-phenanthroline (15 mg/l), amino-n- 
caproic acid (15 mg/l), benzamidine (15 mg/l), and 
dimethylsulfoxide (0.5%; v/v). 

Apolipopmtein isolation 

The harvested media were adjusted to a density of 1.25 
g/ml with potassium bromide and the lipoproteins were 
separated from other media proteins by ultracentrifugation 
for 48 hr (4OC) at 100,000 g. LDL was isolated from plasma 
between d 1.030 and 1.050 g/ml by preparative ultracentri- 
fugation (16). Lipoproteins were dialyzed against at least 
400 volumes of distilled water. After lyophilization, the lipo- 
proteins were delipidated with five separate extractions of 
chloroform-methanol 2:l and apoB-100 was isolated by 
preparative NaDodS04-polyacrylamide gel electrophoresis. 

Characterization of apoB acylation 
Delipidated samples were solubilized using 1 % 

NaDodS04, 0.1 M Tris-HC1 (pH 6.8), 10% sucrose, fol- 
lowed by incubation of the sample for 3 min at looo C. 
Samples were applied to a 5% NaDodSO, polyacrylamide 
gel and electrophoresis was performed as previously des- 
cribed (17, 18). Standards for apoB-100 and apoB-48 were 
obtained from a patient with Type I11 hyperlipoproteinemia 
(18). ApoB-100 and apoB-48 standards for autoradiography 
were iodinated using the iodine monochloride method as 
adapted for apolipoproteins (19). After electrophoresis, gels 
were either stained with Coomassie brilliant blue R-250 or 
the protein was transferred to modified nylon paper (Nytran: 
Schleicher and Schuell, Keene, NH). The paper was ap- 
plied to Kodak XAR-5 film and fluorography was per- 
formed from 6 to 10 days at - 70OC. Following fluorogra- 
phy, the nylon paper containing the radiolabeled sample 
was subjected to immunoblot anaiysis as outlined by Tow- 
bin, Staehhn, and Gordon (20) utilizing 15 p1 of poly- 
clonal rabbit-antihuman apoB serum in 30 ml of incuba- 
tion buffer. This was followed by a 5-hr, 25% incubation 
with '251-labeled protein A (1 $500 pl) (100 pCi/pg; New 
England Nuclear). The radiolabeled nylon paper was then 
reapplied to Kodak XAR-5 film at room temperature for 
2 hr prior to development. ApoB-100 radiolabeled with fatty 
acids was deacylated after NaDodS04-polyacrylamide gel 
electrophoresis by hydroxylamine treatment based upon the 
method of Omary and Trowbridge (21). 

Immunoprecipitation of apoB from the lyophilized 
[ 14C]palmitate- and [ "C]stearate-labeled Hep G2 lipopro- 
teins was performed after dissolving the samples in 80 pl 
of an incubation buffer containing 0.3% Nonidet P-40 
(Sigma), 0.1% NaDodSO,, 0.3% sodium deoxycholate, 0.15 
M NaCl, and 0.01 M Tris-HC1 (pH 7.4). Rabbit anti- 
human apoB antisera (25 pl) and 1 pg of human LDL apoB 
standard which served as carrier protein were both added 
to the 80 p1 containing the solubilized sample. After an in- 
itial 2-hr, 37'C incubation, the samples were incubated for 
an additional 12 hr at 4'C. The samples were then cen- 
trifuged at 2,000 g for 10 min at 4OC. After removing the 
supernatant, the pellets were suspended in 100 pl of the 
incubation buffer and the sample was recentrifuged at 2,000 
g for 10 min at 4OC. The washed protein pellets were ana- 
lyzed by 5% NaDodS04 gel electrophoresis and fluorog- 
raphy as outlined above. 

The number of moles of fatty acid per mole of apoB was 
determined by assessing the degree of [ 14C]palmitate in- 
corporation (sp act 850 mCi/mmol) into the apoB band 
present after electrophoresis in a 5% NaDodS04 poly- 
acrylamide gel. After the apoB immunoprecipitate from 
the media was separated by electrophoresis, the gel was 
stained and scanned using a laser scanning densitometer 
(LKB Ultrascan XL, Uppsala, Sweden). The peak height 
and area of the densitometrograms of the samples were 
compared to the density of the bands of stained apoB stan- 
dards that ranged in concentration from 0.5 to 4 pg and 
the protein concentration within the band was calculated. 
The stoichiometry was then determined by slicing the apoB 
band from the gel, quantitating the radioactivity within the 
band, and then calculating the moles of fatty acid as 
reflected in the degree of radioactivity in the band to the 
moles of apoB present in the band assuming a molecular 
mass of 512 kDa for apoB. 

For mass spectrometric analysis, 100 pg of Hep G2 apoB 
was isolated by NaDodS04 gel electrophoresis and a methyl 
arachidate internal standard was added to the sample. After 
a 16-hr hydrolysis with 6 N HCl, the hydrolysate was ex- 
tracted with n-hexane. The hexane extract was dried and 
esterified at 7OoC for 20 min with methanolic HC1 (Ap- 
plied Sciences Lab, Deerfield, IL). The fatty acid methyl 
ester content of the extract was then evaluated on a Finni- 
gan 4510 GLC-MS system equipped with a 30-m fused- 
silica (SE-54) capillary column, and the methyl arachidate 
peak was defined as 100% of the relative ion current (22). 

RESULTS 

The preconfluent Hep G2 cells secrete apoB-100 but not 
apoB-48 as is evident from the Coomassie blue-stained 
NaDodS04 gel electrophoretogram (Fig. 1). Therefore, like 
normal human liver (23), only the larger molecular weight 
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A B 
Fig. 1. The secretion of apolipoprotein B by Hep G2 cells. Hep  G2 cells 
were  incubated  for 24 hr  in serum-free medium. The lipoproteins  secreted 
into the medium were  isolated by preparative ultracentrifugation (d 
< 1.25 g/ml), and  the apolipoproteins were analyzed by 5% NaDodS0,- 
PAGE. Hep G2 cells secrete an apolipoprotein that comigrates with 
the apoB-100 control. No band corresponding to apoB-48 was 
observed. 

species is present in the tissue culture  media  that were 
evaluated. Cells that were  labeled  for 24 hr with [ "Clpalmi- 
tate  and [ ''Clstearate secreted apoB-100-containing lipo- 
proteins that contained the radioactive tracers (Fig. 2, lanes 
B and  C)  and comigrated with isolated '251-labeled LDL 
(Fig. 2, lane A). When parallel unlabeled samples were ana- 
lyzed by apoB  antisera  and  protein A, Hep G2-secreted 
apoB (Fig. 2, lane E) comigrated with plasma LDL apoB 
(lane D).  However, incubations with radiolabeled myristate 
and oleate were not incorporated  into apoB. Therefore, 
Hep G2-secreted apoB-100 incorporated  both [ ''Clpalmi- 
tate  and [ ''Clstearate labels during a 24-hr incubation  and 
this incorporation showed some degree of specificity  for the 
fatty acid moiety. 

The studies with radiolabeled fatty acids also indicated 
the stoichiometry of fatty acid acylation of apoB secreted by 
Hep  G2 cells. There were  3.2 moles of palmitate  incorpo- 
rated  into 1 mole of apoB, assuming  that all the radioac- 
tivity was in  the form of palmitate and  that the molecular 
mass of apoB is 512 kDa. However, only 1% of the  radio- 
activity within palmitate was incorporated  into apoB when 
the  fatty acid was incubated for 24 hr at 37OC with media 
that  had been preconditioned by Hep  G2 cells compared 
to directly incubating  the cells with the radiolabeled 
material.  Therefore,  the acylation process is discrete and 
is mediated by Hep  G2 cells. 

Hydroxylamine treatment of radiolabeled Hep G2 apoB- 
100 released the  radioactivity from the  protein (Fig. 3). 

Since alkaline hydroxylamine treatment cleaves ester and 
thioester bonds, it has been used to establish the presence 
of acyl bonds (21). Under these conditions, hydroxylamine 
cleaved the radiolabeled fatty acid from apoB-100 (Fig. 3, 
lane 2), indicating  that Hep  G2 cells incubated with 
["Clpalmitate secrete an apoB-100 that is esterified with 
the radiolabeled fatty acid. 

The location of fatty acid acylation on  the  amino acid 
backbone remains to be identified. Using purified thrombin 
(Dr. J. W. Fenton 11, Albany,  NY), the four standard throm- 
bin fragments of apoB were identified (24).  However, none 
of the radiolabeled palmitate  remained with any of the 
thrombolytic fragments. The labile ester or thioester bonds 
may be susceptible to thrombolysis. The precise  localization 
of the acylation will require new methods of ester bond 
stabilization or a form of labeling the hydrolysis product on 
the hydroxyl group of the amino acids, since standard meth- 
ods used in hydrolyzing peptide  bonds will also cleave the 
labeled fatty acid from the  serine,  threonine, or tyrosine 
residues that  are likely to participate in fatty acid acylation. 

To confirm the  nature of the esterified side chain, mass 
spectroscopic  analysis of Hep G2 apoB-100  was undertaken. 
Both palmitate  and  stearate were present in Hep  G2 apoB- 
100 purified by NaDodSO, gel electrophoresis (Fig. 4, 
peaks 1 and 2, respectively). The other peaks on  the chro- 
matograph shown in Fig. 4 include  the solvent front (peak 
at 3:26 min)  and non-fatty acid contaminants eluted from 
the gels during apoB isolation (peaks at 7:10,  9:50, and 12:40 
min). However,  apoB-100 from plasma LDL (d < 1.050, 
> 1.030 g/ml) isolated by our methods  including  prepara- 
tive NaDodSO' gel electrophoresis did not appear  to  be 
fatty acid-acylated. 

A B C D E  

apo-6-100 - 

Fig. 2. The secretion of "C-labeled apoB-100 after incubation with 
["Clpalmitate and ["Clstearate. After a 24-hr incubation with radiola- 
beled  fatty acid, media lipoproteins were isolated by ultracentrifugation 
and  subjected to lyophilization, delipidation, and NaDodS0,-PAGE as 
outlined in Methods. Proteins in  the gel were  transferred to nylon  paper. 
Lane A illustrates an autoradiograph of '*'I-labeled LDL  on the  paper, 
while the lanes B and C reflect ["Clpalmitate- and ["Cjstearate-labeled 
apoB, respectively,  from Hep G2 cells. Subsequent immunoblot analyses 
of unlabeled LDL and Hep G2 lipoproteins are  illustrated  in  lanes D and 
E,  respectively. These results  indicate  that  the  apoB-100  secreted  from Hep 
G2 cells is radiolabeled. 
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c, 

4 %  

apoB-100- 

Hydroxylamine 
Fig. 3. The effect of hydroxylamine  treatment  on  the  labeling of "C- 
labeled apoB. ApoB isolated from Hep  G2 cells radiolabeled with 
["Clpalmitate  underwent  NaDodS0,-PAGE  and  autoradiography  either 
without  (lane  A) or with  (lane B) exposure to hydroxylamine.  Hydrox- 
ylamine removal of the  radioactivity  indicates  that  the  interaction of the 
"C label with the  protein was through  an  ester  or  a  thioester linkage. 

1979 (25-27). Subsequently, a wide variety of eukaryotic 
cellular membrane  proteins have also been shown to cova- 
lently incorporate fatty acids (21, 28-37). The apolipopro- 
teins resemble cellular membrane  proteins since they also 
reside at aqueous-lipid interfaces  (38) and  are noncovalently 
associated with lipids (39). Although the physiological  role 
for covalent fatty acid acylation remains elusive, the fatty 
acids have been proposed to serve as  a hydrophobic anchor 
(40). The  data in the present study indicate that like  apoA-I 
and  apoE (13), newly secreted apoB-100  is covalently acyl- 
ated with fatty acids. Both palmitate  and  stearate  are 
present on apoB-100 and they can be  removed  with  hydrox- 
ylamine treatment. However, unlike a previous report (lo), 
the apoB-100 present in circulating LDL is not acylated 
with fatty acids. These findings indicate that fatty acid  acy- 
lation may play a role in intracellular lipoprotein synthe- 
sis and assembly or possibly  in intracellular apolipoprotein 
trafficking. Fisher and  Gurin (10) were the first to suggest 
that apolipoproteins may  be  covalently bound to  fatty  acids. 
However, we were unable to confirm their finding of fatty 
acids attached  to  circulating apolipoproteins. Exhaustive 
delipidation was performed and this eliminated all fatty acid 
peaks from GLC-mass spectroscopic analyses. The cur- 
rent findings, therefore, indicate  that only newly secreted 
apolipoproteins are fatty acid-acylated. Huang, Lee, and 
Singh have also just  reported  the  incorporation of palmi- 
tate  and  stearate into apoB (41). Their  data indicate  the 
presence of a thioester bond. 

The possible functions of fatty acid acylation of the apo- 
lipoproteins are numerous. Acylation  may  be important for 

DISCUSSION initial association of apolipoproteins with the hydrophobic 
lipids during particle assembly. Interaction of the fatty acids 

Interest in covalent fatty acid acylation of proteins  has with cellular cytoskeletal elements could facilitate intracel- 
grown  since the first reports of viral coat protein acylation in lular  transport of the nascent particles to the cell surface. 

100 t I 1 I I 

3:20 6:40 1o:oo  13:20 

Time (minutes) 
Fig. 4. For gas-liquid chromatography-mass  spectrometry  analysis, 100 pg of delipidated  apoB isolated from Hep 
G2 cell media was separated by NaDodS0,-PAGE  and apoB-100 was eluted  from  the gel. After acid hydrolysis and 
n-hexane  extraction,  the  sample was esterified with methanolic  HCI. Peaks at 10:20 (peak 1) and 13:OO (peak  2) min 
represent fatty acids  that  coelute  with  palmitate  and  stearate  standards, respectively. 
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In addition, these studies raise the possibility that apolipo- 
proteins could contain diacylglycerol moieties that could 
serve as cellular signal transducers (42). Further studies 
directed toward these hypotheses may lead to an under- 
standing of the normal physiologic role(s) of apolipoprotein 
fatty acid acylation as well as a mechanism for the develop- 
ment of inborn errors of apolipoprotein metabolism. 

We thank Dr. Henry Krutzsch for his helpful suggestions and dis- 
cussions and Ms. Joanie Mok Gault for her help in the prepara- 
tion of the manuscript. 
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