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Abstract The complete amino acid sequence of rabbit apo- 
lipoprotein E (apoE) was determined by generating three sets of 
peptides using cyanogen bromide, endoproteinase AspN, and 
Staphylococcus aureus V8 protease to cleave the protein. Through 
twenty cycles  of sequence analysis on the whole protein, glu- 
tamic acid was identified as the N-terminal residue of rabbit 
apoE; the C-terminus of the protein was identified as glutamine. 
Based on the sequence of 294 amino acid residues determined 
by protein structure analysis, the molecular weight of rabbit 
apoE was determined to  be  33,684. The protein sequence 
differed  from  the cDNA inferred sequence in 19 positions, only 
one of which  could  be attributed  to microheterogeneity. The cor- 
rected amino acid sequence of rabbit apoE shares 80% homo- 
logy  with the human apoE sequence, 4 %  greater homology 
than that inferred from the cDNA sequence. The great similari- 
ty  in the amino acid sequences of human and rabbit apoE sug- 
gests that their physical and physiological properties may  also  be 
similar. This homology and the relative ease with  which apoE is 
isolated  from rabbit plasma make  it  possible  to conduct some in 
vitro experiments with the rabbit apoprotein that would  have 
direct relevance  to human apoE, but would be difficult or im- 
possible  with the human  counterpart because of the quantity of 
protein required. -Lee, B-r., J. M. Miller, C-Y.  Yang, L. 
Ramdas, M. Yang, J. D. Morrisett,  and M. P. Mims. Amino 
acid sequence of rabbit apolipoprotein E. J. Lipid Res. 1991. 32: 
165-171. 
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Apolipoprotein E is a  plasma glycoprotein of molecular 
weight -34,000 (1). A  major physiological function of 
apoE is to  mediate  the  binding of apoE-containing lipo- 
proteins  to  the LDL (B/E) receptors of liver and peri- 
pheral tissues (2). As a  component of both  hepatic VLDL 
and a specific class of HDL, apoE  participates  in  the 
binding of triglyceride-rich VLDL to  peripheral tissue 
and in  the  HDL-mediated  redistribution of cholesterol. In 
addition,  apoE is transferred  to intestinally derived chy- 
lomicrons  as they enter  the  bloodstream, and mediates 
binding of chylomicron remnants  to a second hepatic 
receptor, the  apoE  receptor (3). 

Human apoE  contains 299 amino acids and appears to 
consist of two distinct structural  domains  joined by a 
hinge region (4, 5). The NH2-terminal  domain  contains 
roughly 145 amino acids, is approximately 60 % a-helical 
in  solution, and retains  both  lipid-binding and receptor- 
binding characteristics. This  domain is unusually resis- 
tant  to  denaturation with a free energy of stabilization of 
>8 kcal/mol. The  COOH-terminal domain (residues 
216-299) retains  lipid-binding characteristics, but does 
not  bind  to  the  LDL receptor. Like the  NH2-terminal do- 
main,  the  COOH-terminal  domain is predicted  to  be 
highly a-helical, and it is this carboxyl terminal region 
that is postulated to take the  major role in  binding of 
apoE  to  lipoprotein surfaces. 

ApoE has been identified and  characterized  in  a 
number of animal species in which cholesterol feeding has 
been shown to  alter markedly the  plasma  concentration of 
apoE  and its  distribution  among different lipoprotein 
classes (6, 7). Rabbits  are  particularly sensitive to 
cholesterol feeding, and respond by producing an  abun- 
dance of a large cholesteryl ester-rich VLDL from which 
considerable  amounts of apoE  can  be easily isolated. 
Recently, a full length  rabbit  apoE  cDNA  has been 
isolated and sequenced (8). This cDNA analysis sug- 
gested that  rabbit  apoE is synthesized with an additional 
18 amino acid prepeptide, and  that  mature  rabbit apoE 
contains 293 amino acids and possesses 76% homology 
with human apoE. Our results, derived from protein se- 
quencing of rabbit  apoE, suggest a number of differences 
from the  amino acid sequence inferred by the  cDNA 
nucleotide sequence. 

Abbreviations: apoE, apolipoprotein E; HDL, high density lipopro- 
tein; LDL, low density lipoprotein; VLDL, very  low density lipoprotein; 
HPLC, high performance liquid chromatography; SDS, sodium dodecyl 
sulfate; TFA, trifluoroacetic acid; CN, cyanogen bromide; DMPC, 
dimyristoylphosphatidylcholine; CO, cholesteryl oleate. 

'To whom correspondence should be addressed  at: The Methodist 
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Journal of Lipid Research Volume 32, 1991 165 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


MATERIALS  AND  METHODS 

Materials 

Sequencing  grade  endoproteinase  AspN was from 
Boehringer Mannheim Co. staphylococcus aureus V8 pro- 
tease, cyanogen bromide,  sequencing  reagents, and sol- 
vents were obtained from Pierce  Chemical Co. Acetoni- 
trile, methanol,  and  other solvents for high performance 
liquid  chromatography (HPLC) were from Burdick and 
Jackson. Vydac C18, Hypersil ODs,  and Spherisorb ODS 
I1 columns were obtained from Cel Associates. Solvents 
and reagents for the Applied Biosystems 470 Gas Phase 
Sequencer, and  120FTH Amino Acid Analyzer were the 
products of Applied Biosystems. Other chemicals used 
were the highest reagent  grade available. 

Purification of rabbit apolipoprotein E 

ApoE was isolated from the  plasma of rabbits  main- 
tained on chow containing 2 %  cholesterol (ICN 
Biochemicals) by a modification of the  method of Roth  et 
al.  (9)  in which the VLDL  apoproteins were solubilized 
in 50 mM ammonium  bicarbonate buffer, pH 7.8,  con- 
taining  1 ’% decyl sodium sulfate. The protein  had  a mo- 
lecular weight of approximately 34,000 as determined 
from  SDS 7.5 % polyacrylamide gel electrophoresis. ApoE 
was judged  pure by its migration as a single band  on both 
7.5 ’% and 12 % SDS polyacrylamide gels. 

Cyanogen bromide cleavage 

Two mg of rabbit  apoE was dissolved in 70% formic 
acid and a 50-fold excess (w/w) of cyanogen bromide  and 
left to react overnight in  the  dark  at room temperature 

(10). The  mixture was then  diluted with an equal volume 
of water and  concentrated in a Speedvac concentrator to 
remove excess reagents. The cyanogen bromide  fragments 
were separated by HPLC using  a Vydac C18 column. 

Endoproteinase AspN  cleavage 

Four hundred  and fifty pg of rabbit  apoE in 150 p1 of 
0.1 M ammonium bicarbonate, pH  8, was added  to  the 
original microfuge tube  containing 2 pg of AspN pro- 
tease, and allowed to react overnight at room temperature 
(11). The hydrolysates were then subjected to HPLC 
purification. 

Staphylococcus Aureus V8 protease  cleavage 

Two mg of rabbit  apoE dissolved in 0.5 m1  of 0.1 M 
ammonium bicarbonate, pH 8.0, was digested with 40 pg 
of S. aureus V8 protease at room temperature overnight. 
The hydrolysates  were then subjected to HPLC purification. 

HPLC for peptide purification 

Purification of peptide  mixtures derived from chemical 
and proteolytic cleavage was performed  at 5OoC on  a 
Waters HPLC system with a Vydac CI8  column  (4.6 x 
250 mm) at a flow rate of 1.5 ml/min.  A trifluoroacetic 
acid (TFA) buffer system (A: 0.1 % TFA in water, v/v; B: 
0.08 % TFA in 95 % acetonitrile and 5 % water, v/v/v) was 
used for primary  separation. Peptides were monitored at 
220 nm.  The eluents from each peak were collected 
manually  and subjected to  purity analysis. For rechroma- 
tography, a  phosphate buffer system (A: 5 mM sodium 
phosphate, pH 6.0; B: 90% acetonitrile  and 10% water) 
and a Shandon  Hypersil ODS column (4.6 x 250 mm) 
were used (12). 
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Fig. 1. Separation of cyanogen  bromide  peptides of rabbit  apoE by HPLC using  a Vydac C I 8  column  and  the 
TFA buffer  system with a  linear  gradient  running  from 0 to 70% buffer B in 70 min. 
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Fig. 2. Primary  structure of rabbit  apoE  as  deduced from overlapping cyanogen bromide (CN1-CN9), staphylococcal (El, E2), and  endoprotein- 
ase AspN (Dl-DI1) peptides. Arrows indicate  the  extent of sequencing of each  peptide. 

Sequence analysis 

Both manual  and  automatic sequencing  methods were 
used for structure  determination.  Short peptides and frag- 
ments for purity verification were determined  according 
to  the  method of Chang, Brauer, and  Wittman-Liebold 
(13). Thin-layer  chromatography (13, 14) or  an  HPLC 
method (15)  was used to identify amino acid residues 
derived from modified Edman degradation (13). The se- 
quences of the  intact  protein  and  large peptide fragments 
were determined by a gas phase  sequencer (Applied 
Biosystems) with an on-line PTH amino acid analyzer 
(16). 

Amino  acid analysis 

Peptides were hydrolyzed in the gas phase in the Waters 
Hydrolysis apparatus with 6 N HCl  and  0.25% phenol 
for 70 min  at 15OOC. After hydrolysis, the samples were 
dried  and  prepared for amino acid analysis using phenyli- 
sothiocyanate (17). 

RESULTS 

The sequence of apoE was determined by generating 
three sets of apoE peptides using cyanogen bromide,  en- 

doproteinase  AspN,  and Staphylococcus aureur V8 protease 
to cleave the  protein. Fig. 1 shows the  separation of 
cyanogen bromide peptides of rabbit  apoE, purified by 
HPLC using  a Vydac CI8  column. After peptides CN1 to 
CN9 were isolated, modified Edman degradation  re- 
vealed that all CN fragments were in  pure form. The pri- 
mary  structures of each peptide resulting from gas phase 
sequence analysis are recorded in Fig. 2. To obtain  the 
sequence overlaps necessary for complete structure de- 
termination of rabbit  apoE,  a second cleavage of the pro- 
tein was performed.  Endoproteinase AspN, which  cleaves 
at the  NH2-terminus of aspartic  acid, was used. HPLC 
separation of the AspN peptides is  shown in Fig. 3 .  
Eleven peptides, Dl to D11, were purified and sequenced, 
and  their  structures  are shown in Fig. 2. After the se- 
quencing of the CN  and AspN peptides, two regions, the 
sequence surrounding residue 102 and the residues be- 
tween 221 and 223, required confirmation. To accomplish 
this, peptides El  and E2 were isolated from the S. uureur 
V8 protease digestion after HPLC chromatography. As 
indicated  in Fig. 2, peptide El  contained residues 100 to 
115 and E2 contained residues 215 to 225. The complete 
amino acid sequence of rabbit  apoE was defined by align- 
ing overlapping cyanogen bromide (CN), AspN (D), and 
staphylococcal (E) peptides. Twenty cycles  of sequence 
analysis on the whole protein confirmed glutamic acid as 
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Fig. 3. Separation of endoproteinase AspN peptides using the Vydac C18 column and the TFA buffer system 

the  N-terminal residue of rabbit  apoE (18). Sequencing of acid. Based on  the sequence of 294 amino acid residues 
CN9 revealed glutamine by the  thirteenth cycle, and  determined by protein  structure analysis, the molecular 
amino acid analysis revealed that  CN9 contained  3  pro- weight of rabbit  apoE was calculated to be 33,684.. 
line, 4  alanine, 2 glutamic acid, 1 serine, 1 lysine, 1 aspar- 
tic acid, and 1 isoleucine residue. From this information 
and the manner in which cyanogen bromide cleaves a  pro- 
tein  (on  the  C-terminal side of a  methionine residue), it We have directly determined  the  amino acid sequence 
was deduced  that  glutamine was the  C-terminal  amino of rabbit  apoE.  This  protein sequence differs from that  in- 

DISCUSSION 

TABLE 1. Differences between amino sequences determined directly from the apoE protein and indirectly from the cDNA sequence (8) 

Amino  Acid  Derived from 

Amino  Acid cDNA 
Position  Sequence Sequence 

Protein 
Explanation  for  Difference 

68 
83 
87 
93 
97 
95 
128 
129 
130 
171 
177 
178 
181 
186 
190 
195 
224 
235 
242 

threonine 
histidine 
leucine 
valine 
none 
glycine 
alanine 
arginine 
alanine 
valine 
serine 
arginine 
arginine 
valine 
glycine 
arginine 
asparagine 
alanine 
Droline 

tyrosine 
threonine 
valine 

alanine 
arginine 

glutamine 
arginine 
alanine 
arginine 1 
isoleucine 

proline 
leucine 
glutamine 
alanine 
serine 
glutamine 
aspartic acid 
valine 
alanine 

error in reproducing amino acid sequence from correct cDNA sequence 
CAC  -tACC possible transposition of AC 
CTG-GTG 
GTG+GCG 
no explanation 
GGC-CAA possible microheterogeneity 
128 129 130 128 129 130 

GCG  CGC  GCG-CGC  GCG  CGC 
possible frameshift 

GTC - ATC 
TCG-CCG 
CGG-tCTG 
CGG-tCAG 
GTC-tGCC 
GGC - AGC 
CGG-CAG 
AAC - GAC 
error in reproducing amino acid sequence from correct cDNA sequence 
CCG-GCG 

168 Journal of Lipid Research Volume 32, 1991 
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ferred from the cDNA sequence  in 19 positions. Two  of 
these differences, at positions 68 and 235,  were the result 
of errors  in  reproducing  the  amino  acid sequence from the 
correct codon sequence. The remaining differences can be 
attributed  to  the  transposition of two nucleotides within a 
codon,  to a single nucleotide change within a  codon,  to a 
single nucleotide shift within the  reading  frame,  and 
possibly to  microheterogeneity (Table l). We have also 
found an additional  amino acid, arginine,  at position 97 
which was not  detected in the  cDNA  deduced sequence. 
This corrected  amino  acid sequence of rabbit  apoE  shares 
80% homology with the  human  apoE sequence; 4 % 
greater homology than inferred from the  cDNA sequence. 

Fig. 4 compares  the  primary  structure of rabbit  apoE 
with that of human apoE3,  the most common human 
isoform, and  the  one with which the  rabbit  protein is  most 
homologous. The rabbit  protein  contains five fewer amino 
acids than  the  human protein. Like the  human protein, 
rabbit  apoE  contains  a single cysteine residue (position 
l06), and 7  tryptophan residues (positions 14, 20,  28, 33, 
204,  258, 270) at positions analogous  to those in  the hu- 
man sequence. The putative  receptor-binding sequence 

(residues 134-144 in  the  rabbit sequence) is also identical 
in  both proteins. 

It has been shown previously that  the liver secretes 
apoE  primarily  as sialo-apoE, and  that  the protein is 
desialylated in plasma (18). Sialylation of human apoE 
arises from the  attachment of a sialylated carbohydrate 
chain  at single threonine residue (19). This residue corres- 
ponds  to position 188 in  the  rabbit  apoE sequence, and is 
conserved. Rabbit  apoE also contains 2 asparagine 
residues (positions 107 and 293), which are possible sites 
for N-glycosylation; however, it lacks the  amino acid se- 
quence Asn-X-Ser (Thr) which is characteristic of N- 
glycosylation. Thus sialylation of rabbit  apoE could occur 
by 0-glycosylation  in  a  manner similar to that observed 
for the  human protein.  Wernette-Hammond  et al. (20) 
have demonstrated  that when sialylated human apoE is 
subjected to  amino acid sequence analysis, the yields of 
threonine 194  were substantially  reduced  as  compared to 
the yields of threonine  determined from sequencing  other 
apoE peptides and  to  the yield of threonine 194 deter- 
mined in unsialylated apoE. Sequence data  on peptide 
D6, which contains  threonine 188 and  a second threonine 
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Fig. 4. Comparison of  the amino acid sequence of rabbit apoE with  that of human apoE3. The numbers  corre- 
spond to the amino acid positions of rabbit apoE. Boxes enclose amino acids  that  are  identical  in  both  rabbit  and 
human apoE. The amino acid sequence for human apoE is  taken  from  Rall et al. (1). 
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at  position 191, demonstrated  that  the  yields of threonine 
188 were  greater  than  for  threonine 191 (as  might  be  ex- 
pected  since  the yields decrease  with  each successive 
amino  acid  in a peptide),  suggesting  that  threonine 188 of 
rabbit  plasma  apoE  may  not  be  0-glycosylated. 

Clusters of nonhomologous  sequence  are  found  at  the 
COOH- and  NHn-termini;  the  remaining  differences  are 
grouped in clusters of no  more  than  three  amino  acids 
scattered  throughout  the  protein.  Other  than  the  regions 
of nonhomology  at  the  carboxyl  and  amino  termini,  the 
distribution of hydrophobic and charged  amino  acids is 
quite well conserved,  suggesting  that  rabbit  apoE  pro- 
bably folds in a manner  similar  to  the  human  protein  with 
distinct COOH- and  NH2-domains. 

The  abundance of apoE  in  rabbit  plasma,  and  the 
relative  ease  with  which  it is isolated  from  the  source, 
make it  possible to  conduct  some  in  vitro  experiments 
with  the  rabbit  apoprotein  that  would  be difficult or im- 
possible with  the  human  counterpart.  The  great  similarity 
in  the  amino  acid  sequences of the two proteins  suggests 
that  their physical and physiological properties  may  be 
similar  as well. Indeed,  Mahley  et  al. (21) have  reported 
that  recombinant  human  apoE,  with biological activity 
identical  to  that of naturally  ocurring  human  apoE3,  ac- 
celerated  the  clearance of rabbit  plasma  lipoproteins. 
Conversely, we have  observed  that  rabbit  apoE/DMPC 
disks,  and DMPC/CO microemulsions  to  which  rabbit 
apoE  has  been  added  competed  very effectively with lZ5I- 
labeled  human LDL for  binding,  uptake,  and  degrada- 
tion by human fibroblasts (22). For example,  at 4OC, 0.17 
pg/ml of rabbit  apoE/DMPC gave nearly 70% (69.1 %) 
displacement of lZ5I-labeled LDL (0.5 pg/ml)  from  the 
receptors  as  compared  to a 61 % displacement by human 
LDL at 2.5 pg/ml.  This  result  correlated  very well with 
similar  measurements by Innerarity,  Pitas,  and  Mahley 
(23) which  demonstrated  that,  at 4OC, 0.09 pg/ml of hu- 
man  apoE/DMPC complexes gave a 50 % displacement of 
lZ5I-labeled LDL (2.0  pg/ml)  from  the  fibroblast LDL 
receptor  as  compared  to a 50% displacement by human 
LDL at 4 pg/ml.  Thus, like human  apoE/DMPC  com- 
plexes, rabbit  apoE/DMPC complexes exhibited enhanced 
binding  activity  as  compared  to  the  apoB-containing 
LDL. Hence it appears  that  many  experiments  conducted 
with  rabbit apoE will have  direct  relevance  to  human 
apoE. I 
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