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Abstract We have examined the apolipoprotein content of the 
lipoproteins of several marine mammals by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis. Their apolipoprotein 
(apo) B-100, apoB-48, and apoA-I migrated to virtually the same 
position as the comparable human apolipoproteins. In cetaceans 
(bottlenose dolphins and killer whales), the molecular mass of 
the apoE was identical to that of human apoE (35 kDa). In con- 
trast, in the lipoproteins of pinnipeds (harbor seals, sea lions, 
and walrus) there was no protein comparable in size to human 
apoE; however, there were two proteins in the 40- to 44-kDa 
range. The protein with the higher apparent molecular weight 
(44 kDa) was apd-IV, as determined by NHz-terminal amino 
acid sequencing. Sequencing of the NHz-terminal 15 amino 
acids of the lower molecular weight protein (40-42 kDa) re- 
vealed no obvious homology with human apoE. However, a hu- 
man apoE-specific monoclonal antibody, 1D7, bound to the 40- 
to 42-kDa protein, allowing us to identify that protein as apoE. 
Sequencing of sea lion apoE cDNA clones demonstrated that sea 
lion apoE is 311 amino acids in length, 12 residues longer than 
human apoE. All 12 additional residues are located in the NHz- 
terminal 31 amino acids, a region that has extremely low homo- 
logy with the NHZ-terminal portion of human apoE. The 
remainder of the sea lion apoE sequence is 74% homologous to 
human apoE. The sea lion apoE cDNA was expressed in 
Chinese hamster ovary (CHO) cells as well as CHO ldlD cells, 
a cell line that is deficient in 0-glycosylation of proteins. The size 
of the sea lion apoE secreted by these two cell lines, compared 
with the apoE in sea lion plasma, indicated that the predomi- 
nant form of apoE in sea lion plasma must be posttranslationally 
modified. IIP Thus, our studies have demonstrated that the 
higher apparent molecular weight of pinniped (sea lion) apoE is 
due to a longer polypeptide chain as well as posttranslational 
modification of the protein.-Davis, R. W., V. R. Pierotti, 
S. J. Lauer, S. T. Hubl, J. W. McLean, J. L. Witztum, and 
S. G. Young. Lipoproteins in pinnipeds: analysis of a high mole- 
cular weight form of apolipoprotein E. J Lipid Res. 1991. 32: 
1013-1023. 
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Atherosclerosis is rare in sea mammals, despite the fact 
that these animals consume a fish diet that is very rich in 

fats and cholesterol (1). Because of the apparent protec- 
tion from atherosclerotic disease and because of our long- 
standing interest in sea mammal physiology (2, 3), we 
began to study sea mammal lipoproteins and apolipopro- 
teins. We found that the apparent molecular weights of 
sea mammal apolipoprotein (apo) B-100, apoB-48, and 
apoA-I, as determined by sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis (SDS-PAGE), were almost 
identical to those of the comparable human apolipopro- 
teins. The apoE of cetaceans (killer whale and dolphin) 
had an apparent molecular weight of 35,000, virtually 
identical to that of human apoE. In pinniped lipopro- 
teins, however, no protein comparable in size to human 
apoE could be detected, initially suggesting that the pin- 
nipeds might be deficient in apoE (4). However, further 
experiments, described here, establish that species from 
all three genera of the order Pinnipedia, harbor seals 
(Phoca uitulina), sea lions (Zalophus califrnianus), and 
walrus (Odobenidi r o s m r i w ) ,  have an unusually large apoE 
molecule with an apparent molecular weight of 
40,000-42,000. On  stained SDS-gels, the apoE in pin- 
nipeds is the lower protein band of a double band in the 
40- to 44-kDa size range; the upper protein band is apoA- 
IV. In this paper, we report the results of our studies on 
the biochemical basis of the large apoE molecule in pin- 
nipeds. 

Abbreviations: apo, apolipoprotein; SDS-PAGE, sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis; VLDL, very low density 
lipoproteins; LDL, low density lipoproteins; HDL, high density lipopro- 
teins; CMV, cytomegalovirus; CHO, Chinese hamster ovary. 

'Correspondence should be addressed to Dr. Young at Gladstone 
Foundation Laboratories, P. 0. Box 40608, San Francisco, CA 94140- 
0608 or Dr. Davis at Department of Marine Biology, Texas A & M 
University, P. 0. Box 1675, Galveston, TX 77553. 

'Current address: Department of Molecular and Cellular Biology, 
University of California, Berkeley, Berkeley, CA 94720. 

Journal of Lipid Research Volume 32, 1991 1013 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


MATERIALS AND METHODS 

Blood and tissue samples 

Blood samples were obtained from 11 harbor seals 
(Phoca vitulina), 6 sea lions (Zalophus califomianus), a walrus 
(Odobenidi msemarius), 4 bottlenose dolphins (Tursiops trun- 
catw), and 5 killer whales (Orcinus orca) at Sea World in 
San Diego, California. All of the animals were fed a mixed 
diet of fresh-frozen herring, mackerel, and smelt (3-576 
body weight per day) that was supplemented with vita- 
mins. The composition of the diet is approximately 67% 
water, 15% fat, 18% protein, and negligible carbohydrate 
(5). The cholesterol content in the diet is approximately 
0.08% (w/w) (5). Therefore, an average 70-kg harbor seal 
or lion consumes about 500 g of fat and 2800 mg of 
cholesterol daily. 

Samples of liver and brain were taken from an adult 
female sea lion at necropsy. The sea lion had been 
euthanized because of chronic illness in accordance with 
the animal care policies of Sea World. Several tissues were 
frozen in liquid nitrogen and then stored at - 70OC; these 
tissues were used to construct cDNA libraries (see below). 

Analysis of lipoproteins 

Blood samples were collected in tubes containing ED- 
TA (1 mg/ml final concentration). The very low density 
lipoproteins (VLDL) (d < 1.006 g/ml), low density lipo- 
proteins (LDL) (d 1.025-1.063 g/ml), and high density 
lipoproteins (HDL) (d 1.063-1.21 g/ml) were isolated 
from plasma by sequential ultracentrifugation, using a 
Beckman 50.3 Ti rotor (6). The lipoprotein fractions were 
dialyzed against phosphate-buffered saline (0.154 M 
NaCl, 21 mM Na2HP04, 15 mM NaH2P04, 0.3 mM ED- 
TA, pH 7.35). The protein content of the lipoprotein frac- 
tions was measured according to the method of Lowry et 
al. (7). Cholesterol and triglyceride concentrations were 
measured in whole plasma and in lipoprotein fractions 
using a bichromatic analyzer (ABA 200, Abbott Labora- 
tories) according to standardized techniques of the Lipid 
Research Clinics Program (8). Lipoprotein electrophore- 
sis was performed on 1% agarose gels (No. AC470100, 
Fisher Scientific, Pittsburgh, PA) and the Corning elec- 
trophoresis system (Palo Alto, CA), according to the 
manufacturers’ instructions; the gels were stained with fat 
red 7B. 

Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis 

Lipoproteins were delipidated with a 3:l mixture of 
ethanol and ethyl ether. The apolipoproteins were then 
dissolved in a sample buffer containing 10 mM Tris-HC1, 
30% glycerol, 2% SDS, and 2% 2-mercaptoethanol and 
loaded onto a 3-15% gradient polyacrylamide slab gel 
containing 0.1% SDS (9). After electrophoresis, the 

separated apolipoproteins were made visible by staining 
the gel with 0.1% Coomassie Brilliant Blue R250. 

Protein sequencing 

The protein bands within the VLDL and LDL of pin- 
nipeds that migrated in the 40- to 45-kDa range were sub- 
jected to NH2-terminal amino acid sequencing. For these 
studies, the VLDL proteins were separated on 3-15% 
gradient SDS-polyacrylamide slab gels. The separated 
proteins were then electrophoretically transferred to a 
polyvinyl difluoride membrane (Millipore, Bedford, 
MA); NH2-terminal amino acid sequencing was then per- 
formed using an Applied Biosystems 477A pulsed-liquid 
sequencer (Applied Biosystems, Foster City, CA). 

Antibodies and Western blots 

The 40- to 42-kDa protein band from the VLDL of a 
harbor seal was excised from an SDS-polyacrylamide slab 
gel; the protein was electroeluted from the gel slice and 
then used to develop an antiserum in both a rabbit and 
a guinea pig. Western blots (9) were used to characterize 
the antisera; both antisera bound strongly to both of the 
40- to 42-kDa bands in harbor seal and sea lion VLDL. 
The guinea pig antiserum also bound to human apoE in 
human VLDL samples. Rabbit antisera specific for hu- 
man apoE were kindly provided by Drs. E. Krul and K. 
Weisgraber, a monoclonal antibody specific for human 
apoE, WUE4, by Dr. Krul; and a monoclonal antibody 
specific for human apoE, 1D7, by Drs. R. Milne and Y. 
Marcel. 

Northern blot 

Total cellular RNA was isolated from sea lion brain and 
liver and from Hep3B (a cultured human hepatoma cell 
line) by standard techniques (10). The presence of apoE 
mRNA in the sea lion organs was assessed by Northern 
blot analysis (11). The Northern blot was probed with a 
990-base pair 32P-labeled human apoE cDNA fragment 
(human apoE cDNA nucleotides 35-1024). 

Construction and screening of sea lion brain and liver 
cDNA libraries 

Sea lion brain and liver poly(A)+RNA samples were 
isolated by using messenger-affinity paper according to 
the manufacturer’s instructions (HYBOND-mAP, Amer- 
sham, Arlington Heights, IL). Double-stranded cDNAs 
were synthesized by priming with oligo(dT) (12, 13). The 
cDNAs larger than 600 base pairs were then ligated into 
the lambda GTlO bacteriophage vector (14). 

A total of 1.2 million plaques of the unamplified brain 
and liver cDNA libraries were screened, using the 990- 
base pair human 32P-labeled human apoE cDNA probe 
according to the techniques outlined by Huynh, Young, 
and Davis (14). Three apoE clones were isolated from the 
liver library and two from the brain library. The DNA in- 
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TABLE 1, Values for total cholesterol and triglycerides in plasma very low density lipoproteins, low density 
lipoproteins, and high density lipoproteins from the five marine mammal species examined” 

Plasma Cholesterol 

Soecies N TCb TGb VLDL LDL HDL 

Harbor seal 11 258 * 9 43 * 7 4 f 0.6 70 + 10 184 f 6 
Sea lion 6 323 * 26 92 f 18 12 f 2 93 f 18 217 f 16 

152 f 29 
Walrus 1 293 16 17 113 72 
Bottlenose dolphin 4 190 * 2 99 f 37 15 f 7 22 * 2 
Killer whale 6 245 f 47 118 f 20 37 * 6 113 f 44 95 f 6 

“All values are mg/dl f SD. 
‘TC, total cholesterol; TG, triglycerides. 

serts of three lambda clones were cloned into the EcoRI 
site of M13 in both orientations. Two of these three liver 
cDNA clones contained the entire coding sequence for the 
mature apoE protein and the signal peptide. Both strands 
of the apoE cDNA insert were sequenced using the dide- 
oxynucleotide chain termination technique of Sanger, 
Nicklen, and Coulson (15). 

Construction of a sea lion apolipoprotein E expression 
vector, and transfection of cell lines 

To construct a sea lion apoE expression vector, a frag- 
ment of the sea lion apoE M13 cDNA clone spanning 
from the EcoRI site (on the M13 polylinker 5’ to the sea 
lion apoE insert) to the ApaI site at sea lion apoE cDNA 
nucleotide 1049 was inserted into the EcoRI and ApaI sites 
of Bluescribe SKI1 (Stratagene, La Jolla, CA). An EcoRI- 
KpnI fragment was then removed from this plasmid and 
inserted into the polylinker of pCMV5, a mammalian 
cDNA expression vector given to us by Dr. David Russell 
(Department of Molecular Genetics, University of Texas, 
Southwestern Medical Center, Dallas,, TX). This plasmid 
contains the sequences of the cytomegalovirus (CMV) 
promoter, SV40 enhancer, and human growth hormone 
terminator (16). This plasmid, designated pCMV-SLE, 
was used to transfect COS-7 cells (obtained from the 
American Type Culture Collection), wild-type Chinese 
hamster ovary (CHO) cells, and mutant C H O  ldlD cells. 
The C H O  and C H O  ldlD cells were obtained from Dr. 
Monty Krieger (Massachusetts Institute of Technology, 
Cambridge, MA). The cells were maintained as previous- 
ly described (16). The mutant C H O  ldlD cells lqck the 
capacity for 0-linked glycosylation of prqteins when 
grown in serum-free medium in which glucose is the only 
sugar source, but are capable of glycosylation when the 
medium is supplemented with galactose and N- 
acetylgalactosamine (17, 18). Transient transfections of 
COS-7 cells were performed as described (16, 19). Mixed 
pools of stably transformed C H O  cells and C H O  ldlD 
cells expressing sea lion apoE were developed by 
cotransfecting these cells with pCMV-SLE and the 
neomycin-resistance gene pSV2neo and then selecting for 
cells capable of growing in the presence of the neomycin 

analogue G418 (16). Both the extracts of transfected cells 
and the medium in which transfected cells were grown 
were analyzed for evidence of sea lion apoE expression by 
Western blot analysis using the guinea pig antiserum to 
the 40- to 42-kDa protein in harbor seal VLDL. 

RESULTS 

The plasma lipid and lipoprotein levels for the different 
sea mammals are listed in Table 1. Most of the cholesterol 
in the harbor seals, sea lions, and bottlenose dolphins was 
in the HDL; in contrast, a greater proportion of the 
cholesterol was in the LDL fraction of the walrus and the 
killer whales. We fasted four harbor seals for 15 h, then 
fed them a meal containing 2 kg of herring and mackerel 
(approximately 300 g fat and 1600 mg of cholesterol). The 
postprandial cholesterol levels did not change significant- 
ly compared with the fasting levels (both 240-280 mg/dl). 
The triglyceride levels reached a peak of 115 mg/dl 2-4 h 
after the meal, then gradually returned to baseline levels 
(-45 mg/dl) after approximately 14 h. 

The VLDL, LDL, and HDL fractions from all five spe- 
cies of sea mammals had predominantly pre-0, 0, and a 
mobility, respectively, on agarose gels. However, some CY- 

migrating lipoproteins were always detectable in the LDL 
fraction of the sea mammals’ plasma (data not shown). 
The latter observation is consistent with the SDS-PAGE 
finding that there was a significant amount of apoA-I in 
the LDL fraction (Fig. 1A). By SDS-PAGE analysis, the 
lipoproteins of sea mammals contained apoB-100, apoB- 
48, and apoA-I bands, and each of these proteins had an 
apparent molecular weight that was virtually identical to 
that of the corresponding human protein. However, no 
protein similar in size to human apoE (35 kDa) was detec- 
table in any of the lipoprotein fractions of the pinnipeds. 
Instead, in the VLDL of harbor seals and the walrus, 
there were proteins of 42 and 44 kDa. On  a stained SDS- 
polyacrylamide gel, these proteins migrated as a double 
band (Fig. 1). In the sea lion, the VLDL frequently con- 
tained a double band consisting of proteins of 40 and 44 
kDa; however, in some samples, only the 40-kDa band 
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Apo-A-IV 
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Ap0-A-W 
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1 Apo-A-l 
1 2  3 4 5 6  

Fig. 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the delipidated apolipoproteins of the 
different lipoprotein fractions of the five sea mammal species. The lipoprotein density fractions of the sea mammals 
were prepared by ultracentrifugation, then delipidated with a 3:l mixture of ethanol and ether (vlv). Twenty to 40 
pg of delipidated apolipoproteins were dissolved in a 2% SDS sample buffer and then electrophoresed on a 3-15% 
gradient SDS-polyacrylamide slab gel. The gel was stained with 0.1% Coomassie Brilliant Blue R250, then de- 
stained, and photographed. Panel A shows gels of VLDL and LDL samples: for each gel, lane l shows the apolipo- 
proteins of harbor seal; lane 2, sea lion; lane 3, bottlenose dolphin; lane 4, human. When a larger amount of protein 
was applied to the gel, apoB-48 was visible in the VLDL fraction of all species (not shown). Panel B shows a com- 
parison of human and walrus lipoproteins: lane 1, human VLDL; lane 2, human LDL; lane 3, human HDL; lane 
4, walrus VLDL; lane 5, walrus LDL; lane 6, walrus HDL. MW, molecular weight. 

was observed. NH2-terminal amino acid sequencing of 
the 44-kDa protein in the double band revealed 9576, 
75%, and 96% homology with human apoA-IV for har- 
bor seals, sea lions, and walrus, respectively (Table 2). 
The NH2-terminal amino acid sequence of the lower 
molecular weight band (Le., 40 kDa) had very little amino 
acid homology with human apoE (Table 2). However, 9 of 
the NH2-terminal 14 residues in these species were iden- 
tical to those previously reported for dog apoE, suggesting 
that the 40-kDa protein in sea lion lipoproteins was apoE 
(Table 2). The VLDL and LDL fractions of bottlenose 
dolphins did not contain detectable amounts of apoA-IV, 

however, these fractions did contain a protein that co- 
migrated with human apoE. An amino acid analysis was 
performed on the dolphin VLDL 35-kDa protein; it was 
very similar to that of human apoE (data not shown). 

A rabbit antiserum to human apoB-100 bound to the 
apoB-100 and apoB-48 of these sea mammals on Western 
blots. However, a rabbit antiserum to human apoE did 
not bind to any protein in these sea mammals’ lipopro- 
teins (data not shown). Similarly, a monoclonal antibody 
to human apoE, WUE4, failed to bind to sea mammal 
apoE (Fig. 2A). However, another human apoE-specific 
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TABLE 2. NH2-terminal amino acid sequence data" for the apolipoprotein E and 
apolipoprotein A-IV of harbor seals, sea lions, and walrus 

Amino Acid Number 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

ApoE 
Human' 
Dog' 
HSd 
s Ld 
WaId 

Humanb 
HS 
SL 
Wal 

ApoA-IV 

K V E Q A V E T E P E P E L R Q Q T E W  
D V Q P E P E L E R E L  E P K V Q Q E  L 
D V E P E S P L Q C K L  E P D P E S 
D V E P E S P L E E N L  E P E L E P K 
D V E P  E S P L Q G K L  E P D 

E V S A D Q V A T V M W  D Y F S Q L S N N A K 
E V S A D Q V A T V V W D Y  F S Q L S N N A  
E V N A N Q V A T V V W  
E V S A  ' Q V A T V '  L D Y F S Q L  S N N A K 

"One-letter code: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, 
histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, argi- 
nine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine. 

'Sequence of human apoE and human apoA-IV taken from refs. 20 and 21. 
'Sequence of canine apoE taken from ref. 22. 
dHS, harbor seal; SL, sea lion; Wal, walrus. 
'Identity of residue not determined with certainty. 

monoclonal antibody, 1D7 (23), bound to the 40- and 42- 
kDa bands of sea lion and harbor seal VLDL, respectively 
(Fig. 2B). Antibody 1D7 binds to the LDL receptor- 

binding domain of human apoE and has been shown to 
bind to the apoE of other mammalian species (24). Anti- 
body 1D7 did not, however, bind to dolphin apoE (Fig. 

A. 

Human Apo-E, 

1 2 3 4 5  

B. 

Human Apo-E, 
4 Pinniped Apo-E 
(Human Apo-E 

1 2 3 4 5 6 7 a 9  

Fig. 2. Western blots of marine mammal apolipoproteins using apoE-specific monoclonal antibodies. The SDS- 
PAGE of VLDL and LDL apolipoproteins was performed as described in the legend for Fig. 1. The separated 
apolipoproteins were then electrophoretically transferred to nitrocellulose membranes. Immunoblots were then per- 
formed using the human apoE-specific monoclonal antibodies WUE4 (panel A) and 1D7 (panel B). Panel A: lane 
1 shows human VLDL; lane 2, harbor seal VLDL; lane 3, harbor seal LDL; lane 4, sea lion VLDL; and lane 5, 
sea lion LDL. Panel B: lane 1 shows human LDL; lane 2, human chylomicrons; lane 3, bottlenose dolphin VLDL; 
lane 4, bottlenose dolphin LDL; lane 5, sea lion VLDL; lane 6, sea lion LDL; lane 7, harbor seal VLDL; lane 
8, harbor seal LDL; and lane 9, human VLDL. 
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region of 148 nucleotides. This sea lion apoE cDNA codes 
for a signal peptide of 18 amino acids and a mature pro- 
tein of 311 amino acids, 12 residues longer than human 
apoE (Fig. 5). The extra 12 amino acids in the sea lion 
sequence are located within the NH2-terminal 31 amino 
acids of sea lion apoE. The differences between the hu- 
man and sea lion apoE amino acid sequences are also il- 
lustrated in Fig. 4. 

Sea lion apoE is predicted to have a molecular weight 
of 36,053, approximately 1750 greater than that of human 
apoE. Thus, the primary structure only partially explains 
why sea lion apoE migrates at 40 kDa on SDS-gels. To ex- 

68 kDa - 
43 kDa - 

4 --4 - 
29 kDa - 

1 2 3 4 5 6  

Fig. 3. Expression of sea lion apoE in cultured cells. Transfected cells 
were grown for 24 h in 5 ml of serum-free medium exactly as previously 
described (16). Glucose was the only sugar source in the medium. The 
medium in which the transfected cells were grown was then extensively 
dialyzed against 10 mM NHIHCOJ and lyophilized. One-tenth of the 
lyophilized protein was loaded onto a 10-2076 gradient SDS- 
polyacrylamide slab gel. The separated proteins were then elec- 
trophoretically transferred to a sheet of nitrocellulose membrane for 
immunoblotting with a guinea pig antiserum specific for harbor seal 
apoE (1:500 dilution). The blot was then washed and incubated with 
'Z51-labeled goat anti-guinea pig immunoglobulin G. Lane 1 shows hu- 
man VLDL (10 pg of delipidated protein loaded); lane 2, sea lion VLDL 
(1 pg of delipidated protein loaded); lane 3, medium in which CHO cells 
were transfected with the CMV vector only; lane 4, medium in which 
CHO cells were transfected with pCMV-SLE; lane 5, medium in which 
CHO ldlD cells were transfected with pCMV-SLE; lane 6, medium in 
which COS-7 cells were transiently transfected. Sea lion apoE was also 
found in the cell extracts (data not shown). When the CHO ldlD cells 
were grown in serum-free medium supplemented with 10 p~ galactose 
and 100 p~ N-acetylgalactosamine (16), the sea lion apoE in the culture 
medium migrated at a higher molecular weight than that observed when 
the cells were in a medium containing glucose as the sole sugar source 
(data not shown). 

amine this phenomenon further, we expressed the full- 
length sea lion apoE clone in CHO cells and CHO ldlD 
cells exactly as performed previously by Wemette-Ham- 
mond et al. (16). The CHO ldlD cells are deficient in 0- 
linked glycosylation of proteins when grown in a medium 
in which glucose is the only sugar (17, 18). Sea lion apoE 
was easily detectable within the medium of transfected 
cells by Western blot analysis using the guinea pig anti- 
serum to the harbor seal 42-kDa protein (Fig. 3). The sea 
lion apoE secreted by transiently transfected COS-7 cells 
and stably transformed wild-type CHO cells co-migrated 
with the apoE in sea lion VLDL. The sea lion apoE 
secreted by stably transformed CHO ldlD cells migrated 

2B). The guinea pig antiserum to the 42-kDa protein of 
harbor seal VLDL bound strongly to the 40-kDa band in 
sea lion VLDL (Fig. 3) and to the 42-kDa band in harbor 
seal VLDL (not shown); it also bound to the apoE in hu- 
man VLDL (Fig. 3). 

The experiments with monoclonal antibody 1D7 and 
the guinea pig antiserum to the harbor seal 42-kDa pro- 
tein strongly suggested that the 40- to 42-kDa proteins in 
pinnipeds were apoE. To verify that an apoE gene is ex- 
pressed in these animals, we analyzed sea lion liver and 
brain for the presence of apoE mRNA. A Northern blot 
of sea lion brain and liver RNA probed with a 32P-labeled 
human apoE cDNA fragment revealed a single band of 
-1400 bases in both tissues; this mRNA was slightly 
larger than the human apoE mRNA in Hep3B cells (Fig. 

To gain a further understanding of apoE structure in 
pinnipeds, we constructed sea lion brain and sea lion liver 
cDNA libraries and then isolated clones from both 
libraries containing the entire coding sequence for sea 
lion apoE. The longest cDNA clone contained a 5' un- 
translated region of 30 nucleotides and a 3' untranslated 

4). 

Apo-E mRNA- 

1 2 3  

Fig. 4. A Northern blot of RNA from sea lion liver and brain probed 
with a "P-labeled human apoE cDNA fragment. RNA was prepared 
from sea lion liver and brain and from the human hepatoma cell line 
Hep3B using previously described techniques (10). Twenty micrograms 
of each sample was electrophoresed on an agarose gel, and a Northern 
blot was performed. The blot was probed with a 32P-labeled human 
apoE cDNA fragment (see Materials and Methods). The blot was 
washed at medium stringency, 1 x SSC at 56OC. Lane 1 shows sea lion 
liver RNA; lane 2, sea lion brain RNA, lane 3, Hep3B RNA. The sea 
lion apoE mRNA band was estimated to be - 1400 nucleotides in length 
by comparison with size markers. In this experiment as well as several 
subsequent experiments, the sea lion apoE mRNA appeared to be 
slightly larger than the human apoE mRNA. In one subsequent experi- 
ment, we probed similar Northern blots with a 'zP-labeled sea lion apoE 
cDNA fragment and then washed the blot at high stringency 
(0.1 x SSC at 56OC). The same mRNA bands were identified with the 
32P-labeled sea lion cDNA probe. 
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-1 8 -1 0 -1 
1 GGAGGAGGTT CCCCAGGAGC CGGCTGCMG A X  AAG GTT Cl'G TGG GCT GCA CTG GTG GTC GCC C r C  Cl'G GCA GGA TGC lGG GCC 

MET LyS V a l  Leu Trp A l a  Ala LCU V a l  V a l  Ala L e u  L e u  A l a  G l y  Cy6 Trp Ala 
L e u  Thr Phe G l n  

10  20 30 
85 GAT G W  GAG CCG G M  Tcc CCG CTG GAG GAG AAC CK; GAG CCC GAG CTG GAG CCC MG CGG GAG CPG GAG CAG GAG GTG GAG CCC GAG GCC 

Amp V a l  G l u  Pro G l u  Sec Pro L e u  G l u  G l U  A s n  L e u  G l u  P r o  G l u  L e u  G l u  Pro L y s  A r g  G l u  L e u  G l u  G l n  G l u  V a l  G l u  Pro G l u  A l a  
"8 fGln----Ala----Val----Glu----Thr----Glu----Pro----Glu----Pro----Glu----Leu----Arg---- Gln----Gln----Thr----Glu 

40 50 60 
175 GGG TGG CAG GCT GGC CAG CCC TGG GAG CTG GCG Cl'G GCC CGC TTC TGG GAT TAC Cl'G CGC TGG GTG CAG ACG CTG TCT GAC CAG 0% CAG 

G l y  T r p  G l n  A l a  G l y  G l n  P r o  Trp G l u  L e u  A l a  L e u  A l a  Arg P h e  Trp Asp Tyr L e u  A r g  Trp V a l  G l n  Thr L e u  Ser Amp G l n  V a l  G l n  sur A r g  G l Y  G l u  

70 80 90 
265 GAG GAG GTG CTC AGC M C  CAG GTC ACC CAG G M  CK; ACG ACG CTG ATG GAG GAG ACC ATG MG GAG ATC M G  GCC TAC AGG OCG WY; Cl'G 

Glu G l u  V a l  Leu SOf A m  G l n  V a l  Thr G l n  G l u  L e u  Thr Thr Leu WET G l u  G l u  Thr MET L y s  G l u  I l e  L y s  \la T y K  Arg A l a  G l U  L e u  
L e u  Se r A r g  A l a  ASP L e u  L y s  ser 

1 BO 110 1 2 0  - -_  
355 GAG GAG CAG CTG GGC CCC ATG GCC TCG & ACG CAG GCC CGC GTG GCC AAG GAG CTG CAG GCG GCG CAG GCC O X  CTG CGC TCG GAC Am 

G l u  G l u  G l n  L e u  G l y  Pro NET Ala SeC G l u  Thr G l n  A l a  A r g  V a l  A l a  L y s  G l u  L e u  G l n  A l a  Ala G l n  A l a  Arg L e u  A r g  BOK A W  NET 
Thr V a l  G l u  A r g  L e u  ser G l Y  Ala 

130 140 150 
445 GUi  GAC GTG CGC ACC CGC CTG TCG CAG TAC CGC GGC GAG GTG CAG GCC ATG CTG GGC CAG AGC ACC GAG GAG CIY; AGG GCG C e C  ITc GCC 

G l u  Amp V a l  A r g  Thr A r g  L e u  SCC G l n  Tyr A r g  G l y  G l u  V a l  G l n  Ala nET L e u  G l y  G l n  Sur T h r  G l u  G l u  L e u  A r g  A l a  A r g  Phe Ala 
V a l  Leu CY. W V a l  

160  170 180 
535 TCG CAC ATG CGC MG CTG CGC AAG CGG GTG CK; CGG GAC GCC GAG GAC CM; CAG MG CGC CTG GCC GTG TAC CGG GCC GGG GTG CGC GAG 

Ser His UET A r g  LYS LCU A r g  L y e  A r g  V a l  Leu Arg A s p  A l a  G l u  Asp L e u  G l n  L y s  Arg L e u  A l a  V a l  Tyr Arg A l a  G l y  V a l  A r g  G l U  
L e u  L e u  Asp G l n  A1 a 

190 2 0 0  210 
625 GGC GCC GAG CGC AGC GTC AGC ACC ATC CGC GAG CGC CPC I F G  CCG CTG CIY: GAG CAG GCC CGC ACG CGC CAC GCC AAG GlG GAC GCC CPG 

V a l  Amp A l a  LeU G l y  A l a  G l u  A r g  Ser V a l  Ser Thr I1e A r g  G l u  Arg L e u  T r p  Pro L e u  L e u  G l u  G l n  A l a  A r g  Thr A r g  His A l a  L 
G l y  L e u  A l a  G l Y  V a l  G l y  V a l  A l a  T i c  G l y  8.r 

220 230 240 
715 GCC ACC CAG CCG Cl'G CGC GAG CGC GTC M C  GCC '3% GGC CAG CAG CTG CGC GGG CGG CTG GAG GAG GTG GGC AGC CGC GCC COC AGC CAC 

A l a  Thr G l n  Pro LCU A r g  G l u  Arg V a l  A m  A l a  L e u  G l y  G l n  G l n  L e u  Arg G l y  A r g  L e u  G l u  G l u  V a l  G l y  S e C  A r g  A l a  Arg 8.r H i m  
A l a  Met net Thr A#p Arp 

2 5 0  260 270 
805 CTG GAC GAG GTG CGC GAG CAG ATG GAG GAG G l G  CAG GCC AAG ATG GAG GAG CAG GCC M C  CAG ATG CGC CAG CAG GCC GAG GCC TTC CAG 

L e u  Amp G l u  V a l  A r g  G l u  G l n  MET G l u  G l u  V a l  G l n  A l a  L y s  M T  G l U  G l u  G l n  Ala ASn G l n  MET A r g  G l n  G l n  A l a  G l u  A l a  P h e  G l n  

GlY G l n  A l a  G l n  T rp  Glu A r g  

LY val A l a  Arg L e u  G l n  I l e  L e u  

2 80 2 90 300 
895 GCC CGC CTC MG GGc TGG TTC GAG CCC Cl'G GTG G M  GAC ATG CAG CGC CAG l G G  GCC GTG CPG GTG GAG AAG 0% CAG GCG GCC 0% GGC 

A l a  ACg L e u  LYS G l Y  Trp P h e  G l u  Pro L e u  V a l  G l u  A s p  nET G l n  Arg G l n  T t p  A l a  V a l  L e u  V a l  G l u  Lys  V a l  G l n  A l a  A h  V a l  G l y  
Ser G ~ Y  

310 
985 ACC AGC CCC ACC ACC CCh CCC GTG GAG ACC M A  I F A  GTACCCCGCC CCCGCCGCCT GGTGGGCCCC GCCCCPCCCC GlGCCCCCTG CCTCCCCACC CCCCC 

T h r  Ser P r o  Thr Thr Pro P r o  V a l  G l u  Thr  Lym *** 
A l a  A l a  P r o  V a l  ser A s p  A m  His 

1086 CCCAG CCTCCAGGAG G(X;CI'GTCCG GGCCCCAACC GGCCTCCTGG AGGGCCCTAG CTTAATAAK; ATTCACCMC CTCCACAGC 1169 

Fig. 5.  Nucleotide sequence of a sea lion apoE cDNA clone, with the predicted amino acid sequence. Both strands of the sea lion apoE cDNA 
clone were sequenced completely. Nucleotides are numbered 1-1169 along the left-hand side. Amino acids of the signal peptide are numbered -18 
through - I; amino acids of the mature protein are numbered 1-311. At amino acid residues where the human apoE (the E3 isoform) amino acid 
sequence differed from the sea lion sequence, the homologous human amino acid is indicated below the sea lion amino acid. Human apoE amino 
acids 4-19 are indicated in brackets below sea lion apoE amino acids 4-31. The nucleotide sequence coding for the NH2-terminal 75 amino acids 
of sea lion apoE was verified in M13 clones derived from several independent lambda bacteriophage cDNA clones. 

at a distinctly lower position. This finding strongly sug- 
gests that the apoE in sea lion plasma, as well as the apoE 
synthesized by COS-7 cells and wild-type CHO cells, 
migrates with a higher apparent molecular weight on 
SDS-gels partly because of posttranslational modification 
of the protein. Thus, there appear to be two reasons for 

the fact that sea lion plasma apoE migrates at a high 
molecular weight: posttranslational modification (glyco- 
sylation), and the fact that the primary structure contains 
12 extra amino acids. Glycosylation of sea lion apoE must 
be 0-linked, because there are no N-linked glycosylation 
sites in the sea lion apoE sequence. 
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A. Hexanucleotide Repeats within the 5' Portions of Sea Lion and Human Apo-E cONA Sequences 

Sea Uon 

Human 

Sea Llon 

Human 

Sea Lion 

Human 

Sea Lion 
(1 5 repeats) 

Human 
(9 repeats) 

1 2 3 4 
Val-2 Glu-3 Pro4 Glu-5 S.r-6 Pro-7 Leu-8 Glu-9 
CTG GAG CCG GAG TCG CCG CTG GAG 

GTG GAG CAA GCG --- --- GTG GAG 
Val-2 Glu-3 Gln-4 Ala-5 Val4 Glu-7 

6 7 8 9 
Leu-12 Glu-13 Pro-14 Glu-15 Leu-16 Glu-17 Pro-19 Lp-19 
CTG GAG CCC GAG CTG GAG CCC AAG 

--- - _ -  - - _  --- CCG GAG CCC GAG 
Pro-10 Glu-11 Pro-12 Glu-13 

11 12 13 14 
Leu-22 Glu-23 Gln-24 Glu-25 Val-26 Glu-27 Pro-28 Glu-29 
CTG GAG CAG GAG GTG GAG CCC GAG 

--- --- --- --- CTG CGC CAG CAG 
Leu-14 Arg-15 Gln-16 0111-17 

6. Percentage of Nucleotides Conforming &o the Consensus 
Hexanucleotlde Repeat Sequence (C G G A G) 

C T G G A G 
C - 

73% 80% 73% 80% 87% 93% 

56% 780h 56% 78% 78% 89X 

5 
Glu-10 Am-11 
GAG AAC 

ACA GAG 
Thr-8 Glu-9 

10 
Arg-20 Glu-21 
CGG GAG 

15 
Ala-30 Gly-31 
GCC GGG 

ACC GAG 
Thr-18 Glu-19 

Fig. 6. Repetitive elements in the 5' region of the human and the sea lion apoE cDNA sequences. Panel A shows the cDNA nucleotide sequences 
for sea lion apoE amino acids 2-31 and human apoE amino acids 2-19, aligned according to hexanucleotide repeats. Within this region, there are 
15 hexanucleotide repeats (consensus sequence CT%GAG) in the sea lion sequence, and 9 in the human sequence. Panel B shows the percentage of 
nucleotide conforming to the CTWGAG consensus repeat in the 15 sea lion repeats and the 9 human repeats. 

DISCUSSION Davis et al. (26). In contrast to pinnipeds, there have been 
several well-documented cases of atherosclerosis in ceta- 

We studied the plasma lipoproteins of two cetacean spe- ceans (27-29) (personal communication, J. McBain, Sea 
cies (bottlenose dolphins and killer whales) and three spe- World, San Diego). 
cies of pinnipeds (walrus, harbor seal, and sea lion). The The apoB-100, apoB-48, apoA-I, and apoA-IV of sea 
chemical and physical properties of marine mammal lipo- mammals co-migrated on SDS-gels with the comparable 
proteins have been described (25). None of these five spe- human apolipoproteins. The apoE of dolphins and killer 
cies of marine mammals had high levels of LDL choles- whales co-migrated with human apoE, but pinniped apoE 
terol or triglycerides, despite the fact that they consume was much larger than human apoE on SDS-gels. The 
a diet that is extremely rich in cholesterol and fats (5). apoE of the harbor seal and the walrus had an apparent 
The harbor seal and sea lion had very high levels of HDL molecular weight of -42,000; that of sea lion apoE was 
cholesterol. If HDL cholesterol is protective against - 40,000. 
atherosclerosis in these animals, as it seems to be in hu- To understand the structural basis for the larger apoE 
mans, it might help to explain why atherosclerosis is rare- in sea lions, we cloned and sequenced the sea lion apoE 
ly reported for pinnipeds. Although Stout (1) described cDNA. The mature sea lion apoE is composed of 311 
lesions in the aortas of seals (Phoca vztulina) and sea lions amino acids, compared with the 299 of human apoE. All 
(Zalophu ~ ~ l i f o r n i ~ n ~ ) ,  generally they were fibrous plaques 12 extra amino acids are located within the NH2-terminal 
devoid of stainable lipid and may not truly have been 31 amino acids of the protein. These extra amino acids 
atherosclerosis. One case of atherosclerosis in a harbor appear to result from six additional copies of an imperfect 
seal with severe hypercholesterolemia was reported by hexanucleotide repeat, whose consensus sequence is 

1020 Journal of Lipid Research Volume 32, 1991 
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CGGGAG. The hexanucleotide repeat occurs within the 
initial portion of exon 3 in the human apoE gene 5' to the 
11- and 33-nucleotide repeats that have previously been 
identified in the 3' portion of exon 3 and exon 4 (30-32). 
A comparison of the hexanucleotide repeats within the 5' 
portion of the human and sea lion apoE cDNA sequences 
(coding for human apoE amino acids 2-19 and sea lion 
apoE amino acids 2-31) are shown in Fig 6. The amino 
acid sequences of sea lion and human apoE within this re- 
gion are extremely poorly conserved. Within sea lion 
apoE residues 2-31, there are 12 negatively charged 
amino acids and only 2 positively charged amino acids. 
The functionid importance of this negatively charged and 
evolutionally divergent NHz-terminal region of apoE is 
not yet known. Beginning with tryptophan-32 of the sea 
lion apoE and tryptophan-20 of human apoE, there are 
no gaps or insertions in the alignment of the human and 
sea lion apoE sequences (Fig. 5). When amino acids 4-31 
of sea lion and 4- 19 of human apoE are excluded from the 
analysis, the homology between the two species on the 
nucleotide and amino acid level is 84% and 7496, respec- 
tively. Of the various mammalian apoE sequences that 
have been reported to date (20, 30, 33-39), the sea lion 
sequence is most homologous to that of the dog-83'36 on 
the amino acid level (exclusive of sea lion residues 4-31). 

The sea lion and human apoE sequences were very 
highly conserved in the region of the molecule that is 
thought to bind to the cellular LDL receptor. Sea lion 
apoE amino acids 129-184, a region spanning the 
putative receptor-binding region of the molecule (40), 
were 88% homologous to amino acids 117-172 of the hu- 
man sequence. The positively charged amino acids lysine 
and arginine are thought to be very important in receptor 
binding (40); each lysine and arginine residue between 
amino acids 117 and 172 in the human sequence was con- 
served in the sea lion sequence. Although we did not 
purify sea lion apoE and directly test its binding to the 
LDL receptor, we have demonstrated that the harbor seal 
VLDL fraction competes quite well with 'z51-labeled rab- 
bit 8-VLDL for binding to both human and harbor seal 
fibroblasts (unpublished observations, R. Davis, J. Witz- 
tum, S. Young). Because rabbit 8-VLDL binding to the 
LDL receptor is mediated by apoE (41-44), we believe 
that the apoE of pinnipeds is capable of high-affinity bin- 
ding to the LDL receptor. 

Two other regions of sea lion apoE were noteworthy for 
high levels of amino acid conservation relative to human 
apoE. Sea lion amino acids 32-72 were 85% conserved, 
and amino acids 265-302 were 95% conserved. The func- 
tional significance of these regions is unclear; however, it 
seems very likely that the carboxy-terminal region of 
apoE is involved in lipid binding (45, 46). 

The calculated molecular weight of sea lion apoE is 
36,053, yet apoE in sea lion VLDL has an apparent mole- 

cular weight, by SDS-PAGE, of -40,000 (Figs. 1 and 2). 
We suspected that posttranslational modification of sea 
lion apoE might account for this difference. To evaluate 
this possibility, we performed expression studies modeled 
on those of Wernette-Hammond et al. (16). Wernette- 
Hammond et al. (16) determined that both human plasma 
apoE and the human apoE expressed by C H O  cells is gly- 
cosylated at threonine-194. They showed that C H O  ldlD 
cells, a cell line defective in 0-glycosylation of proteins 
(17, 18), failed to glycosylate apoE (16). When threonine- 
194 was eliminated from the human apoE sequence by 
mutagenesis, wild-type C H O  cells did not glycosylate any 
alternate site in the human apoE sequence. We expressed 
the sea lion apoE cDNA in COS-7 cells, wild-type C H O  
cells, and C H O  ldlD cells. The sea lion apoE expressed 
by COS-7 cells and wild-type C H O  cells co-migrated 
with sea lion plasma apoE at an apparent molecular 
weight of - 40,000, whereas the sea lion apoE secreted by 
the C H O  ldlD cells was significantly smaller, -37,000- 
38,000 (Fig. 3). These studies demonstrated that the sea 
lion apoE secreted by C H O  cells, which comigrates with 
sea lion plasma apoE, is glycosylated. Based on the prece- 
dent established by Wernette-Hammond and co-workers' 
studies of human apoE (16), we suspect that both the apoE 
in sea lion plasma and the sea lion apoE secreted by stably 
transformed C H O  cells are posttranslationally modified 
by 0-linked glycosylation of a serine or threonine residue. 
Interestingly, the glycosylated threonine residue in the hu- 
man sequence (threonine-194) is not conserved in the sea 
lion sequence. We do not yet have any data regarding 
alternate sites of 0-linked glycosylation of sea lion 
apoE. II 
This work was supported by HL01672 (SGY), HL39608 (RD 
and JW), a Grant-in-Aid from the American Heart Association, 
California Affiliate (to RD), and by Genentech, Inc. We would 
like to express our thanks to Sea World of San Diego, especially 
J. McBain, J. Antrim, T. Goff, and the animal care staff. We 
thank Stanley Rall, Jr., for performing the amino acid analysis 
on dolphin apoE and for a critical review of the manuscript; T. 
Burke for protein sequencing; and Frank Peralta and L. Gaudet 
for technical assistance, T. Gridley for manuscript preparation, 
T. Rolain for the figures, and A. Averbach for editorial com- 
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