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The plasma lipoproteins are water-soluble macromolec- 
ular complexes that transport various lipids in the blood and 
other tissue fluids. Traditionally, they have been separated 
by ultracentrifugal flotation into four major density classes: 
chylomicrons, very low density lipoproteins (VLDL), low 
density lipoproteins (LDL), and high density lipoproteins 
(HDL). The incidence of coronary heart disease has been 
positively correlated with high levels of LDL cholesterol and 
negatively correlated with high levels of HDL cholesterol. 

The protein components of plasma lipoproteins are 
known as apolipoproteins. The major function of apolipo- 
proteins is lipid transport in the intravascular and extra- 
vascular compartments. Many apolipoproteins have, in ad- 
dition, acquired highly specialized functions. For example, 
Goldstein and Brown (1) have shown that LDL interacts 
with cell-surface receptors, thereby regulating cholesterol 
biosynthesis and metabolism. The major apolipoprotein in 
LDL is apolipoprotein B (apoB). Recently, apoB was found 
to be heterogeneous in size and function. Normal VLDL 
and LDL contain a species of the protein with an apparent 

Abbreviations: VLDL, very low density lipoprotein; LDL, low den- 
sity lipoprotein; HDL, high density lipoprotein; LPL, lipoprotein lipase; 
LCAT, 1ecithin:cholesterol acyltransferase; LALI and LALZ, lamprey 
apolipoproteins. 
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M, of 549,000, designated apoB-100; whereas thoracic duct 
lymph chylomicrons contain another distinct protein, B-48, 
with an apparent M, of 264,000 (2, 3). ApoB-48 is synthe- 
sized in the intestine (4) and is important in chylomicron 
metabolism, while apoB-100 is synthesized in the liver (4) 
and is an important determinant in the binding of LDL 
to the LDL receptor (5). ApoE also confers receptor binding 
capacity to lipoprotein particles to both the LDL receptor 
(6) and a specific apoE receptor (7, 8). ApoC-I1 activates 
lipoprotein lipase (LPL) and is important in chylomicron 
and VLDL metabolism (9, 10). Conversely, apoC-111 seems 
to inhibit the apoC-I1 activation of LPL (11, 12). It also 
prevents the uptake of apoE-containing lipoproteins by liver 
cells (13, 14). ApoA-I (15), and possibly apoC-I (16) and 
apoA-IV (17), are thought to activate 1ecithin:cholesterol 
acyltransferase (LCAT). Most of the cholesteryl esters in 
human LDL and HDL appear to be formed by the action 
of LCAT (18). 

While the structure and metabolic fate of the plasma lipo- 
proteins have been the subject of intense investigation for 
over 50 years, it is only in the last 20 years that the primary 
structure of apolipoproteins has been elucidated, and in 
the last 10 years that the biosynthesis of these proteins has 
been studied at the molecular level, first in a model system 
in an avian species (19-21), then in mammalian species, 
including man (4, 22-25). Furthermore, it is only in recent 
years that we have gained, through statistical analyses of 
DNA and protein sequence data, substantial understanding 
of the evolutionary relationships among the apolipoproteins 
(26, 27). We have also uncovered some of the unique struc- 
tural features (e.g., internal repeats, 27-31) as well as the 
stringency of structural requirements in the individual func- 
tional domains of the various apolipoproteins (27). The aim 
of this review is to summarize our current knowledge of 
the biosynthesis, structure, structure-function relationships, 
and evolution of the apolipoprotein genes and to suggest 
further studies that are needed for a better understanding 
of the apolipoprotein multigene family. 

HISTORICAL ASPECTS OF APOLIPOPROTEIN 
GENE EXPRESSION AND STRUCTURE 

In the description of the plasma lipoprotein system, little 
attempt was initially made to examine the biosynthesis of 
the apolipoproteins at the molecular level. Studies in the 
rat indicated that the liver and intestine are the major 
source of plasma apolipoproteins (32). Some early studies 
using radiolabeled amino acids as well as quantitation of 
the net production of lipoproteins indicated that the apo- 
lipoproteins in VLDL, LDL, and HDL are synthesized in 
the liver (33-35), and the intestine (36-38). The addition 
of actinomycin D, an RNA synthesis inhibitor, diminished 
the production of lipoproteins, suggesting that RNA syn- 

thesis is important for the continued production of the la[- 
ter (39). A detailed analysis of apolipoprotein mRNA trans- 
lation was first performed in a model system in the chicken 
(19). The laying hen develops severe hypertriacylglycerole- 
mia with a massive increase in plasma VLDL. The im- 
mature chick and the cockerel or rooster can be induced 
to produce high levels of VLDL by the administration of 
estrogen (19-21, 40-44). Two major apolipoproteins make 
up over 90% of the protein content of plasma VLDL in 
these animals. They are apoB and apoVLDL-I1 (19, 45, 
46). The latter protein was studied extensively and provided 
the first model system for the molecular biology of apo- 
lipoprotein biosynthesis (for a review, see ref. 21). 

The initial studies stimulated research in mammalian 
systems including humans. As will be discussed later, many 
of the unique features in apolipoprotein gene structure 
and expression in the avian system also apply to the mam- 
malian apolipoproteins. Indeed, there is little doubt that 
apoVLDL-I1 is evolutionarily related to the apolipoproteins 
so well characterized in man and other mammals. 

APOLIPOPROTEIN mRNA TRANSLATION AND 
POST-TRANSLATIONAL MODIFICATION 

Co-translational processing of preapolipoproteins 

Taking advantage of the abundance of apoVLDL-I1 
mRNA in the liver of the estrogen-treated cockerel, Chan et 
al. (19, 20, 47) studied the translation of the mRNA in a 
heterologous cell-free system. The radiolabeled immuno- 
reactive apoVLDL-I1 protein was analyzed on an SDS- 
polyacrylamide gel. The newly synthesized protein was 
found to migrate on the gel with an apparent size larger 
than plasma apoVLDL-I1 by approximately 2-3 kiloDal- 
tons. By using different radiolabeled amino acid precursors, 
the purified immunoprecipitated product was sequenced 
by automated Edman degradation. This analysis showed 
that the in vitro product, designated preapoVLDL-11, con- 
tains a 24 amino acid NH2-terminal extension of the ma- 
ture plasma protein. The properties of this extra sequence 
are very similar to those previously described for signal pep- 
tides found in secretory protein precursors (48-51). The hy- 
drophobic residues are predominantly restricted to the in- 
terior segment of the peptide, while the charged and 
hydroxyl-containing residues are located near the ends. The 
sequence represents the first documentation of a signal pep- 
tide in a plasma apolipoprotein precursor. The transloca- 
tion of preapoVLDL-I1 represents a unique case of vec- 
torial migration of a protein through the membrane of the 
rough endoplasmic reticulum (52). ApoVLDL-I1 is unique 
when compared to other secretory proteins in that, being 
an apolipoprotein, it has a structural component that would 
normally spontaneously bind to a phospholipid matrix such 
as the rough endoplasmic reticulum outer surface (see the 
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section on Lipid binding domains of apolipoproteins, be- 
low). Translocation of this phospholipid-binding protein re- 
quires some mechanism to prevent interaction of the am- 
phipathic region with the outer membrane. Whether 
control is afforded by a specific topogenic sequence (53) 
or whether the signal sequence regulates the folding of the 
nascent polypeptide chain (54) and prevents this interac- 
tion is unknown at present. 

Subsequent studies indicate the existence of the signal 
peptide in all apolipoprotein precursors: a p d - I  (20, 22, 23, 
29, 55, 56), apoA-I1 (24, 57, 58), apo-IV (25), apoE (59, 
60), apoC-I (61, 62), apoC-I1(62), apoC-III(63), apoB-100 
(64, 65), and apoD (66). The sequences of the signal pep- 
tides for the human apolipoproteins are presented in 
Table 1. The lengths of the peptides vary between 18 and 
27 amino acids, well within the usual limits for eukaryotic 
signal peptides (50, 51). These peptides encompass a posi- 
tively charged NHP-terminal region, a central hydropho- 
bic region, and a more polar C-terminal region that seems 
to define the cleavage site. Thus, they show characteristics 
present in other eukaryotic signal peptides. 

In addition to the structural similarities of the apolipo- 
protein signal sequences to other eukaryotic signal se- 
quences, there are additional similarities in structure among 
the individual apolipoprotein sequences, suggesting that 
these proteins may be related in evolution (see below). 

Post-translational processing of mammalian 
apolipopro teins 
a. ApoA-I 

When either human or rat apoA-I mRNA is translated 
in vitro in the presence of signal peptidase, an 18 amino 
acid signal peptide is cotranslationally removed by the en- 
zyme. Examination of the cleaved product reveals that it 
has an additional 6 amino acid residue segment attached 
to the NHP-terminal of mature plasma apoA-I. This larger 
protein has been designated proapoA-I (23). The primary 
structure of the pro-segment has been deduced by both in 
vitro translation and radiosequencing (23, 67) as well as 
from the nucleotide sequence of apoA-I cDNA clones (55, 

68). In both the human and the rat (22, 67, 69), the pro- 
segment contains a COOH-terminal Gln-Gln dipeptide, 
unusual amino acids for protein precursors that are 
processed proteolytically. 

Pulse labeling experiments in the human hepatoma cell 
line, HepG2, indicate that the hexapeptide is present in 
greater than 95% of newly secreted apoA-I (23, 70). Ob- 
servations using rat hepatocytes and enterocytes in culture, 
as well as perfused liver and intestinal segments indicate 
that most of the proapoA-I is secreted intact without sig- 
nificant proteolytical processing (22, 71). Thus, in these ex- 
perimental systems, the proteolytic processing of proapd-I 
appears to be an exclusively extracellular event. The 
presence of proapoA-I in the plasma partly accounts for 
the heterogeneity of plasma apoA-I isoforms (23, 71). In 
contrast, Banergee et al. (72) found that, in cultured chick 
hepatocytes and in HepG2 cells, the proportion of secreted 
proapoA-I versus mature apoA-I showed wide variations, 
depending on the hormonal environment and the presence 
or absence of fetal bovine serum in the medium. In chicken 
plasma, Banerjee, Mukherjee, and Redman (73) detected 
only mature apoA-I, but no proapoA-I. However, Yang et 
al. (74) found that proapoA-I was present in hen plasma 
at approximately 10% of the concentration of the mature 
protein. The chicken apoA-I prosegment consists of a hex- 
apeptide with the sequence ArgSerPheTrpGlnHis (74). 
Thus, the -GlnGln dipeptide in mammals is replaced by 
-Gln-His, indicating that the requirement for Gln in the 
cleavage site is not absolute. 

The predominant site of extracellular processing of hu- 
man proapoA-I processing has not been identified. This 
enzymatic activity can be found in plasma, and appears to 
have the highest specific activity in HDL, as compared with 
total plasma, VLDL, and lymph chylomicrons. A series 
of inhibitor studies indicates that the enzyme is metal- 
dependent, and is not a serine protease (75). 

b. APoA-II 
By using analytical techniques similar to those applied to 

apoA-I, immunoreactive apd- I1  synthesized in vitro in the 

TABLE 1. Amino acid sequence of signal peptides of the human apolipoproteins 

A-IV 
A-I 
E 
A-I1 
c-111 
c- I1  
c-I 
B 

M - - - F L K A V V L T L  - A L V - - - - - A V A G - - - A R A  
M - - - - - K A A V L T L  - A V L - - - - - F  L T  G -  - - S Q A  
M - - - - - K V L W A A L  - L V T -  - - - - F  L A G -  - - C Q A  
M - - - - - K L L A A T V  - L L L T I C - - S L E G - - - - - -  
M - - - - - Q P R V L L V  V A L L A L L - - A  S A R -  - - -  - A 
M - - - - - G T R L L P A  - L F L V L L V L G  F -  E -  - - V G Q  
M - - - - - R L F L S L P  - V L V V V L S I V  L A G P A P A Q G  
M D P P - - R P A L L A L  L A L P A L L L L L L A G -  - - A R A  

D’ M V M L L L L L S A L A G  L F G A A E G  

“The signal peptide of apoD has not been aligned with those of the other apolipoproteins because it is probably evolutionarily unrelated to them 
(see sections on The Apolipoprotein Genes, Structural Features of Apolipoproteins and Evolution). 
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presence of signal peptidase was found to contain a penta- 
peptide attached to the NH2-terminus of the mature plasma 
protein. The sequence of this peptide, AlaLeuValArgArg, 
is identical in the human and rat proapoA-I1 (24, 27, 57, 
58, 62, 76). It resembles most pro-segments in that it ter- 
minates with paired basic amino acid residues. 

In the human hepatoma cell line HepG2, proapoA-I1 
processing occurs predominantly extracellularly. The cells 
appear to secrete an enzyme(s) capable of the cleavage. The 
cleavage activity is not inhibited by serine protease inhibi- 
tors, but is blocked by a number of thiol protease inhibi- 
tors. Recently, Gordon et al. (77) have shown that a cathep- 
sin B-like protein, secreted by HepG2 cells, can effect such 
a cleavage. 

A number of apoA-I1 isoforms have been identified in 
human plasma, but the individual isoforms have not been 
fully characterized. Since proapoA-I1 is rapidly processed by 
a hepatocyte-derived protein, we speculate that insufficient 
amounts of the precursor would appear in the circulation 
to contribute to any of the heterogeneity detected in plasma. 

The extracellular processing of the primary translation 
products of the mammalian apolipoprotein mRNAs has re- 
cently been reviewed by Stoffel (78) and by Gordon et d. (79). 

Post-translational modification of apolipoproteins 

All the major apolipoproteins are polymorphic in plasma. 
Each exists in two or more isoforms which differ in charge 
or mass and are detected by two-dimensional gel electro- 
phoresis. The structural basis for some of these apparently 
heterogeneous forms has been worked out for some of the 
apolipoproteins and includes amino acid substitution, gly- 
cosylation, deamidation, proteolytic cleavage, acylation, 
and phosphorylation. ApoE is an excellent case of protein 
charge heterogeneity resulting from allelic differences in 
amino acid sequence (80, 81). In addition, the following 
apolipoproteins are known to be glycosylated: apoA-11, B, 
C-111, and E. ApoC-I1 appears to be secreted in a 
glycosylated form and is deglycosylated in the circulation 
(82). The different isoforms of plasma apoA-I are, in part, 
the products of deamidation (83). Some of the circulating 
apolipoproteins undergo further proteolytic cleavage, in 
many cases possibly as intermediate steps in degradation. 
It is unclear whether in some cases the proteolytic cleavage 
products are artifacts of isolation or incubation conditions 
(84). In the case of apoC-11, a minor isoform designated 
apoC-II,,2 by Fojo et al. (82) was found to be a truncated 
protein missing the first six N-terminal amino acid residues 
of the major isoform, apoC-11,. 

Using the human hepatoma cell line HepG2, Hoeg et al. 
(85) have established that, in addition to proteolytic process- 
ing, secreted nascent apoA-I is acylated with palmitate. They 
also suggest that apoA-11, A-IV, B-100, C-11, and C-I11 all 
have some degree of fatty acid acylation. The biological 
consequence of the acylation is unknown. Hoeg et al. (85) 
speculate that the increased hydrophobicity conferred upon 

the protein by the fatty acid might facilitate protein- 
lipid interaction. 

In cultured rat hepatocytes, Davis et al. (86) found that 
newly secreted apoB-48, but not B-100, was phosphorylated. 
In radiolabeling experiments when the cells were incubated 
with 32P-orthophosphate, at least 20% of the 32P associated 
with apoB-48 was in the form of phosphoserine. In vivo 
labeling experiments confirmed that phosphorylation of 
apoB-48 occurs in vivo in the rat. Furthermore, ?"P-labeled 
apoB-48 loses its radioactivity upon incubation in rat se- 
rum. The physiological significance of apoB-48 phosphory- 
lation in rat liver is unknown. 

ApoB-48 synthesis in the small intestine 

In adult humans, apoB-100 is synthesized exclusively in 
the liver, and apoB-48 in the intestine (87). Glickman, 
Rogers and Glickman (4) found that the early fetal intestine 
synthesizes mainly apoB-100, and the capacity to synthesize 
apoB-48 is acquired during maturation of the fetus. 
ApoB-48 shares antigenic determinants with the NH2- 
terminal half of apoB-100 (88, 89) and has a molecular 
weight approximately 48% of the latter (2, 3). Studies using 
monoclonal antibodies (go), Southern blotting (91-93), and 
genomic cloning and sequencing (94, 95) indicate that 
apoB-48 and apoB-100 are the products of the same gene. 
However, experiments involving labeled amino acid precur- 
sor incorporation and immunochemical identification indi- 
cate that apoB-48 is not a post-translational cleavage 
product of apoB-100 (87). These puzzling observations can 
be explained by some recent experiments by Powell et al. 
(96) and Chen et al. (97). They examined apoB-48 synthe- 
sis and structure by five different approaches: DNA-excess 
hybridization of small intestinal mRNA using apoB-100 
cDNA probes, direct sequencing of tryptic peptides of 
apoB-48 purified from chylous ascites fluid, sequencing of 
cloned intestinal apoB cDNAs, direct sequencing of intes- 
tinal mRNAs, and oligonucleotide hybridization of intestinal 
cellular DNA. ApoB-48 was shown to be the product of an 
intestinal mRNA that has an in-frame UAA stop codon re- 
sulting from a C + U change in the codon CAA encoding 
Gln-2153 in apoB-100 mRNA (96, 97). Oligonucleotide 
hybridization of intestinal cellular DNA indicates that, like 
leucocyte DNA (95), enterocyte DNA had a C in this loca- 
tion (96). The COOH-terminal Ile-2152 of apoB-48 purified 
from chylous ascites fluid had apparently been cleaved from 
the initial translation product, leaving Met-2151 as the new 
COOH-terminus (97). DNA-excess hybridization and se- 
quencing data indicate that - 85% of the intestinal mRNAs 
terminate within - 0.1-1.0 kilobases downstream from the 
in-frame stop codon. The other - 15% of the mRNAs have 
lengths similar to hepatic apoB-100 mRNA, but they also 
have the same in-frame stop codon (97). The organ-specific 
introduction of a stop codon into intestinal apoB-48 mRNA 
is an unprecedented observation, and the exact mechanism 
is currently under active investigation. 
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T H E  APOLIPOPROTEIN GENES TABLE 2. Chromosomal localization of the human 
apolipoprotein genes 

The first cloned cDNA and genomic sequences from the Chromosome 1 
apolipoprotein multigene family were isolated from the ApoB-100 Chromosome 2 

Chromosome 3 avian species pertaining to apoVLDL-I1 (98-103). In the 
Chromosome 11 

last 3 years, all the major apolipoprotein cDNAs from hu- Chromosome 19 

ApoA-II 

ApoD ApoA-I/C-III/A-IV 
~ ~ ~ ~ l c - 1 ,  c-11 

mans have been cloned and sequenced, and the genomic 
structures for eight of them, a p d - I ,  apoA-11, apoA-IV, 
apoE, apoC-11, apoC-111, apoB-100, and apoD have been 
published (52, 54, 55, 65, 66, 68, 94, 95, 104-124). In ad- 
dition, the cDNAs for a number of rodent, canine, and rab- 
bit apolipoproteins have also been cloned and character- 
ized (27, 30, 59, 125-133). In this section, we shall review 
the chromosomal localization and structural organization 
of the human apolipoprotein genes. 

Chromosomal localization and linkage analysis 

The chromosomal locations of some of the apolipoprotein 
genes have previously been established by classical family 
studies and linkage analysis. Recently, most of the apolipo- 
protein genes have been mapped to specific human chromo- 
somes by two newly developed techniques: 1) Southern blot 
analysis of somatic cell hybrids involving human and non- 
human cells, and 2) in situ nucleic acid hybridization on 
chromosome spreads. In somatic cell hybrid analysis, 
hybrid cells formed between human cells and nonhuman 
(usually rodent) cells are established in vitro. In human-ro- 
dent hybrids, there is preferential loss of human chromo- 
somes. It is thus possible to identify human chromosomes 
that are retained or lost in the hybrids and to correlate them 
with the presence or absence of a specific apolipoprotein 
gene detected by Southern blot analysis (134). In situ 
nucleic acid hybridization was first used to detect repeti- 
tive sequences on DNA. Subsequent modifications of the 
original method allowed the localization of single-copy 
genes (such as apolipoprotein genes) in mitotic chromo- 
some preparations (135). 

The chromosomal localizations of the major apolipopro- 
tein genes are presented in Table 2, and are summarized 
below. 
a. ApoA-Z/C-ZZZA-ZV 

The apoA-I, apoC-111, and apoA-IV genes were found to 
occur in a cluster within a span of about 22 kilobases (63, 
106, 136). These genes have been localized to human chro- 
mosome 11 by the technique of Southern blot hybridization 
of DNA isolated from a panel of human-rodent somatic 
cell hybrids (137-139). The chromosomal assignment was 
confirmed by analysis of a hybrid containing a single hu- 
man chromosome, no. ll. Regional mapping was achieved 
by using deletion mutants that retained different regions 
of chromosome 11. Such studies localized the apoA-IIC-III/ 

homologous to a region on the long arm of human chro- 
mosome 11 where the human apoA-I gene resides. 
b. ApoE/C-Z and apoC-ZZ 

The human genes for apoE and apoC-I were found to 
reside within 4 kb of each other (140). By the technique of 
somatic cell hybridization, these genes (105, 107, 140, 141), 
as well as that for apoC-II(lO8, 140, 142), were found to be 
on human chromosome 19. Pedigree analysis indicates that 
the apoE and apoC-I1 gene loci are tightly linked (143, 144). 

These studies using molecular biological techniques con- 
firm previous investigations by pedigree analysis that 
showed that the apoE gene is linked to the complement 
component C3 locus on chromosome 19 (145). The gene 
that is associated with familial hypercholesterolemia (146) 
or its structural equivalent, the low density receptor (LDLR) 
locus (147), has also been mapped to chromosome 19. The 
exact location of the apoE/C-I and apoC-I1 genes on chro- 
mosome 19 has not been determined, though it is some- 
where close to the centromere. 
C. Apd-ZZ 

The gene for apoA-I1 has been mapped to human 
chromosome 1 in the region lp21 + lqter by somatic cell 
hybrid analysis (57, 141, 148). Interestingly, in the mouse, 
a p d - I 1  has been mapped to chromosome 1 and is linked 
to a gene that determines HDL structure (127). 
d. ApoB 

ApoB-100 and apoB-48 are the products of a single gene. 
The recent availability of apoB-100 cDNA clones has al- 
lowed the assignment of this gene to the short arm of hu- 
man chromosome 2 by the method of somatic cell hybridi- 
zation (91, 92, 116, 118). In situ nucleic acid hybridization 
further localized the gene to the region p23-p24 (93, 116). 
e. ApoD 

The apoD gene has been mapped to human chromosome 
3 by three independent procedures: i) dot-blot hybridiza- 
tion of DNA from flow-sorted human chromosomes; ii) 
Southern blotting to DNA from human-hamster hybrid 
cell lines; and iii) in situ nucleic acid hybridization to 
metaphase chromosomes (124). By the last procedure, 41% 
of all the hybridizing 3H-labeled apoD cDNA probes (ap- 
pearing as silver grains on the autoradiographs) cluster on 
the distal long arm (3q26.2 + qter). 

A-IV gene cluster to the region llq13 + qter on the long 
arm of chromosome 11 (137). 

It is interesting that in the mouse, the apoA-I gene has 
been assigned to chromosome 9 (127) in a region highly 

Structural organization of the apolipoprotein genes 

Despite the distribution of the apolipoprotein genes over 
five chromosomes, the genomic structures for six of the 

Li et al. Apolipoprotein multigene family 249 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


TABLE 3. Structural features of apolipoprotein genes 

Length (Codons) of Coding Region Location of Introns 

Intron 1 Upstream Intron 2 between Intron 3 between 
Signal Mature from AUG Preceding 1st and 2nd position 2nd and 3rd position 

Genes Peptides Prosegments Peptides Total Nucleotide No. of Codon No." of Codon No. ' 

Human A-I 18 6 243 267 - 20 - 4  + 49 
Rat A-I 18 6 235 259 - 19 - 4  + 48 
Human A-I1 18 5 77 100 - 24 - 1  + 44 

NA' - 1  + 44 
- 4  + 39 

Rat A-11' 18 5 79 102 

- 4  + 39 
Human A-IV 20 0 377 397 

371 39 1 
- 4  + 39 

Rat A-IV 20 0 
Mouse A-IV 19 0 375 394 
Human C-1' 26 0 57 83 NA NA NA 
Human C-I1 22  0 79 101 - 13 - 4  + 50 
Dog C-11' 22 0 79 101 NA - 4  + 50 
Human C-I11 20 0 79 99 - 13 - 2  + 40 
Dog C-111' 20 0 80 100 NA - 2  + 40 
Human E 18 0 299 317 - 23 - 4  + 61 
Rat E 18 0 293 311 - 23 - 4  + 53 
Mouse E' 18 0 293 311. NA - 4  + 53 
Chick VLDL-I1 24 0 83 107 - 39 - 4  + 50 

d 

d 

d 

'Taking the first codon after the signal peptide cleavage site as codon no. + 1. Thus, for the mature peptide regions of apoA-I and apoA-11, the 

'Genomic sequences are not available for these genes. However, the intron/exon junctions can he inferred from the corresponding cDNA sequences 

'"A, information not available. 
dIntron 1 is missing in the apoA-IV genes. 

numbers include the 6 and 5 codons of the prosegment respectively. 

and the human genomic sequences because of the extremely high degreee of homology at these regions. 

genes studied to date show remarkable similarities. The 
characteristics of these genes (including some counterparts 
in the rat and the apoVLDL-I1 gene in the chicken) are 
summarized in Table 3 and Fig. 1; the apoB-100 and apoD 
genes show significant differences and will be considered 

later. With the exception of apoA-IV, there are four exons 
and three introns in each gene. The introns appear to have 
very similar locations: intron-I interrupts the 5' untrans- 
lated region of the gene; intron-I1 interrupts a coding region 
of the gene very close to the signal peptidase cleavage site; 

Apo E 

44 66 193 860 
+*--.I 

25 68 160 241 
Apo C- I I +++--- 

36 68 124 308 
Apo C- I I I +/*-- 

Fig. 1. Structural organization of the human apolipoprotein A-I, A-11, A-IV, C-11, C-111, and E genes. Transcrip- 
tion is from tejt to right. The wide bars represent the exons, and the thin line the 5' flanking region, introns, and 3' 
flanking region of the respective genes. The wide bars are divided into several regions: the open bars at the two ends 
represent the 5' and 3' untranslated regions, the hatched bars the signal peptide regions, and the solid bars the mature 
peptide regions of the respective genes. In apoA-I and apoA-11, the prosegment is represented by a narrow open bar 
between the signal peptide and mature peptide region. The numbers aboue the exons indicate the length (number of 
nucleotides) o f  the exons. The lengths of the exons are drawn to scale, except for the last exons in apoA-I, E, and A-IV. 
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and intron-I11 interrupts the part of the gene encoding the 
mature peptide. ApoA-IV differs from the other genes in 
that the intron in the 5’ untranslated region is missing. 
However, the other two introns in this gene are present at 
the same locations as in the other apolipoprotein genes. 
The lengths of the first three (two for apoA-IV) exons are 
very similar among genes, and the differences in the total 
length of mRNAs are accounted for mainly by differences 
in the length of exon 4 (exon 3 for apoA-IV). This striking 
similarity in the structure of the six apolipoprotein genes in 
three different species supports the hypothesis that these 
genes have arisen from a common ancester, and that the 
individual apolipoprotein genes have evolved through par- 
tial and complete gene duplications (see below). 

As in the case of many other eukaryotic genes (e.g., col- 
lagen [149], albumin [150], immunoglobulin [151], ovomu- 
coid [152], rhodopsin [153], 3-hydroxy-3-methylglutaryl 
coenzyme A reductase [154], and pyruvate kinase [155] 
genes), the introns tend to interrupt the genes at the junc- 
tions defined by specific domains as well as by well-formed 
structures (156). For example, intron-I1 interrupts the gene 
close to the signal peptidase cleavage site, either at regions 
of random strucutre (apoC-I1 and apoC-111), at 6-turn 
(apoA-I, apoE, and apoVLDL-11), or at the junction be- 
tween two conformations (Le., transition between short, 
probably unstable @-sheet and a-helical region, apoA-11). 
In these instances, therefore, not only do introns I1 and 
I11 separate the polypeptides into distinct functional do- 
mains (156), but they also seem to have preference for the 
surface of proteins as in the case of many other proteins 
(157). However, by Chou-Fasman analysis (158), intron-I11 
might interrupt a helical structures in apoA-I and apoE. 

Gilbert (156) speculated that the exon-intron structure of 
eukaryotic genes might be a record of their evolutionary 
history: these genes evolved by exploiting RNA splicing to 
recruit and combine segments of coding sequences. Thus, 
in many instances, the coding portions of these genes are 
broken into pieces encoding distinct functional domains. 
Inspection of the apolipoprotein genes clearly indicates that 
intron-I1 (intron-I for apoA-IV) marks the demarcation be- 
tween the signal peptide and the mature protein. To exa- 
mine the relative position of the last intron with respect 
to the conformational domains of the mature protein, one 
can analyze the latter by the mean helical hydrophobic mo- 
ment < PH > of Eisenberg, Weiss, and Terwilliger (159). 
This parameter not only gives a measure of helicity, but 
also takes into consideration the amphiphilicity of a helix. 
Inspection of Fig. 2 reveals that this intron consistently in- 
terrupts the mature polypeptide at, or very close to, a mini- 
mum value of < p ~  >. It should be noted that the arrows 
in this figure indicate the intron position at a site which 
marks the end of the first domain, e.g., for apoA-11, the 
arrow marks the domain which ends at residue 39 of the 
mature protein, i.e., at the midpoint of the 11-residue pep- 
tide that defines the conformation of residues 29-39, or 

residue 34. For the longer apolipoproteins, apoA-I, apoE, 
and apoA-IV analyzed by this method, in addition to the 
minimum values of < p ~  > marked by the last intron, 
other minima seem to appear periodically toward the 
carboxyl-terminal end of the protein. These subsequent do- 
mains are not interrupted by introns and seem to define 
internally repeated sequences in these proteins (27, 28, 103, 
160). The exon-intron organization of the apoC-I gene is 
not known. However, a clear minimum value of < p~ > is 
identified by the 11-amino acid domian that ends at amino 
acid number 39 (see Fig. 2, open arrow). Furthermore, by 
sequence alignment, this amino acid residue is at an analo- 
gous location where an intron interrupts all the other apo- 
lipoprotein genes (27; see Fig. 3a and the section on Inter- 
nal repeats in A-I, A-11, A-IV, C-I, C-11, C-111, and E, 
below). We speculate that apoC-I likely has an intron be- 
tween the second and third nucleotides of the codon specify- 
ing amino acid residue number 39. 

In addition to sharing a common basic structure with 
respect to exon-intron organization, the apolipoprotein 
genes also share significant homology in the coding regions 
(see below). Moreover, examination of the 5’ flanking 
regions of these genes reveals sequences of high homology 
that are GC-rich and 14-27 nucleotides in length situated 
within 500 nucleotides upstream from the respective cap 
sites (112). These regions might represent structures con- 
served during evolution and/or regions of functional sig- 
nificance; e.g., they might be regulatory sequences which 
render the respective genes responsive to changes in cellular 
lipids, or some lipid-protein complexes, or other common 
intermediates in apolipoprotein gene expression. 

Structure of the human apolipoprotein B gene 

Compared to the other apolipoproteins, the human apoB 
gene shows many remarkable differences (94, 95). Although 
spanning 43 kilobases, the total length of the apoB gene 
is actually relatively small for the size of its gene product, 
which is the largest monomeric protein known. The exons 
together comprise about one-third of the gene, and the 
total length of the 28 introns is only about twice that of 
the exons. Two of the exons (exons 26 and 29) are unusually 
long: 7572 and 1906 base pairs, respectively. The distribu- 
tion of introns is extremely asymmetrical, with a concen- 
tration in the 5’-terminal one-third of the gene. For exam- 
ple, there is one intron in the 5’-untranslated region, and 
another 11 introns occur within the first 500 codons, and 
a total of 19 introns appear within the first 1000 codons. 

It is evident that if the apoB gene is evolutionarily related 
to the other apolipoprotein genes, it has undergone con- 
siderable change with time and no longer has the 3-intron/ 
4-exon structure common to most of the other genes. 

Structure of the human apolipoprotein D gene 
The apoD gene has been recently cloned and character- 

ized by Drayna et al. (124). The organization of this gene 
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I .p 

100 200 300 

Amino Acid Ro8idw Nunkr 
Fig. 2. Predicted secondary structure of human apolipoproteins and intron locations. The helical hydrophobic mo- 
ment, < p ~  >, was determined by the procedure of Eisenberg et al. (159). Each apolipoprotein was analyzed in l l  
residue segments and the < p ~  > values were plotted at the midpoint of each fragment. The solid arrows indicate 
the positions of the introns. Each arrow is placed at the residue that marks the end of exon 3 (or exon 2 for apoA-IV), 
which also defines the end of the first domain in this figure. For example, for apoA-11, intron 3 is located at amino 
acid 39, and the solid at "  is placed at the midpoint of the 11-residue peptide which marks the end of the domain 
encompassed by residues 29-39 or residue 34. The intron location interrupting the mature peptide of apoC-I has 
not been reported. The open arrow marks the position of intron 3 in apoC-I as predicted by sequence alignment. 
It defines the end of the first domain of the mature peptide region which also coincides with the common 33-codon 
block defined in Fig. 3 top (see below) 

is clearly different from those of the other soluble apolipo- 
protein genes. It has at least one intron in the 5' untrans- 
lated region. Since the transcription initiation site has not 
been defined, additional introns in this region are possible. 
Unlike the other genes, the signal peptide region in the 
apoD gene does not contain any intron. Furthermore, in 
the mature peptide coding region, the apoD gene contains 
three introns compared to only one in the other soluble 
apolipoprotein genes. The drastically different structural 
organization of the apoD gene suggests that it is not a mem- 
ber of the apolipoprotein multigene family (see below). 

STRUCTURAL FEATURES OF 
APOLIPOPROTEINS 

Lipid binding domains of apolipoproteins 

A basic function of all apolipoproteins is lipid transport. 
Association of phospholipids with the apolipoproteins A-I 

and A-I1 in HDL (161), and apoC-I and C-I11 in VLDL 
and HDL results in an increase in a-helical content of the 
protein as measured by circular dichroism (162). Further, 
it was shown that some of the tryptophan residues are ex- 
posed to solvent in delipidated apoC-I but are buried in 
a nonpolar environment when the apolipoprotein is as- 
sociated with phospholipids (163). Based on these observa- 
tions, and on model-building of apolipoproteins with known 
sequences, Segrest et al. (164) proposed that these special- 
ized proteins contain amphipathic helical regions that in- 
teract with the lipid. An important feature of the amphi- 
pathic helix is the presence of two clearly defined faces, one 
hydrophobic that is inserted between the fatty acyl chains 
of the phospholipid molecules, and the other hydrophilic 
that interacts with the phospholipid head groups and the 
aqueous phase. Another feature of the model is the distri- 
bution of the charged amio acid residues on the polar face. 
The negatively charged residues such as Glu and Asp tend 
to occur along the center of the polar face, while the posi- 
tively charged residues, Lys and Arg, are located on the 
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lateral edges of the polar face. Subsequently, similar am- 
phipathic helical regions have been identified in all the 
major apolipoproteins. Short stretches of similar confor- 
mations are also found on the surface of many globular 
proteins (165). 

The lipid-protein interaction between lipids and apolipo- 
proteins differs from that between lipids and membrane- 
spanning proteins. In the latter case, long segments of ex- 
clusively nonpolar amino acid residues facilitate the actual 
insertion of the polypeptide into the hydrophobic environ- 
ment. In contrast, the hydrophilic residues on one side of 
the amphipathic helix are in contact with the surrounding 
aqueous phase, and keep the apolipoproteins at the sur- 
face of the lipoprotein particle. Such a location facilitates 
transfer between lipoprotein particles and interaction with 
other molecules such as enzymes (e.g., lipases) and specific 
cell surface receptors. 

ApoB-100 is unique among the apolipoproteins in having 
a relatively high /3-sheet content ( - 20%), both by predic- 
tive analysis of its primary sequence (65, 113, 117, 119, 122) 
and by circular dichroism and infrared absorption studies 
of LDL (166, 167). Unlike other apolipoproteins, LDL 
apoB-100 does not transfer among lipoprotein particles. 
These observations have led to the speculation that 
apoB-100 binds lipid by hydrophobic /3-sheet regions (168). 
Recently, Yang et al. (169) isolated thirteen peptides from 
a mixture of total apoB-100 tryptic peptides by exploiting 
their phospholipid binding properties. Analysis of all these 
peptides by circular dichroism and by use of a predictive 
algorithm reveals no evidence of amphipathic helices. In- 
terestingly, although the predictive algorithm suggests that 
they display substantial @sheet potential, no spectroscopic 
evidence of this structure was found. Therefore, the con- 
formation of these lipophilic tryptic peptide regions on in- 
tact low density lipoprotein particles is still unknown. 

ApoD also differs from the other apolipoproteins in that 
the cDNA-deduced amino acid sequence contains little, if 
any, predicted amphipathic helical structure (66). 

Internal repeats in A-I, A-11, A-IV, C-I, 
C-11, C-111, E and LALl 

About 10 years ago, Barker and Dayhoff (26), Fitch (28), 
and McLahlan (160) independently observed that apoA-I 
contains multiple repeats of 22 amino acids (22-mer), each 
of which is a tandem array of two 11-mers. Recent DNA 
sequencing work has confirmed the existence of a 22-mer 
periodicity in apoA-I (29). The repeat unit of 22-mer has 
been suggested to be a structural element that builds an 
amphipathic a-helix (170, 171; and see above). Recently, 
Nakagawa et al. (172) proposed that a 44-mer composed 
of two 22-mers punctuated in the middle by a helix breaker, 
Pro, rather than the 22-mer itself (173), is the paradigm 
of lipid-binding domains of apoA-I. They showed that the 
44-mer mimics more closely the surface properties and con- 
formations of apoA-I than does the 22-mer. They specu- 

lated that the centrally located Pro residue that breaks the 
a-helix actually keeps the hydrophobic faces in phase and 
the resulting concavity of the 44-mer is suited for the ad- 
sorption of the peptide to the highly Surved surface of hu- 
man plasma HDL3 (radius 40-50 A).  

In the last few years, the existence of a 22-mer periodicity 
has also been found in other apolipoproteins, including 
apoA-11, A-IV, C-11, C-111, and E, and an 11-mer has been 
found in apoC-I (27, 30, 31, 105, 106, 109, 125). The in- 
ternal repeats in human apoA-I, A-11, A-IV, c - I ,  c-11, 
(2-111, and E are shown in Fig. 3. 

Using the junction between exon 3 and intron 3 as a 
reference point, Luo et al. (27) obtained an alignment of 
the genes for the above proteins for the 33 codons upstream 
from the junction. In this block of 33 codons, the homolo- 
gies between genes are, in the majority of cases, about 40% 
or higher at the nucleotide level, and 15% or higher at the 
amino acid level (27). The homologies become conspicuous 
when the alignment is shown at the amino acid level, taking 
into account similarities in biochemical properties between 
amino acids (Fig. 3 top). A very striking feature is that many 
columns, e.g., columns 8 and 9, are completely or almost 
completely occupied by hydrophobic residues (green color). 
In addition, some columns are predominantly occupied by 
acidic residues (red), some others by indifferent residues 
(uncolored), and one by basic residues (blue). When the 
block is divided into three segments (A, B, and C) of 11 
columns, the first column of each segment consists predom- 
inantly of hydrophobic residues and that in segments A and 
B, columns 8 and 9 consist almost completely of hydropho- 
bic residues. Secondary structure analysis of the sequence 
of the 33 amino acids that make up the common block by 
the method of Eisenberg et al. (159) indicates that they form 
a well-defined domain at the N-terminus of each apolipo- 
protein (see Fig. 2). Luo et al. (27) suggested that the three 
segments in the common block arose from triplication of 
an 11-mer (11 amino acids). It is clear from Fig. 3 top that 
the similarity between segments A and B is higher than 
that between segments B and C. Therefore, it appears that 
segments B and C were first derived from a duplication 
of 11 codons and later segment A was derived from a dupli- 
cation of segment B. 

When the junction between intron 3 and exon 4 is used as 
a reference point, a pattern of internal repeats in exon 4 
also becomes evident for each of the genes considered (Fig. 
3 bottom). The fundamental unit of repeat in exon 4 is not an 
11-mer, but a 22-mer that is made up of two 11-mers. The 
main reason for this is that most 11-mers are more similar 
to the 11-mer one unit removed than to the adjacent 11-mer 
(27-29). This is most clearly indicated by the fact that 
almost all prolines (P) appear in the first column when the 
alignment is made using 22 amino acids as the basic unit 
of repeat (Fig. 3 bottom). This basic structure of 22-amino 
acids units connected to one another by a proline residue 
is highly reminiscent of the 22- and 44-amino acid struc- 
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Fig. 3. Internal repeats in human  and lamprey apolipoproteins. LAL1, a lamprey apoligoprotein isolated by Pontes et al. (176). a. (Zp): The last 
33 amino acids  of  exon 3 can be divided into three repeats of 11 amino acids. Colors (ref. 28) indicate proline (purple, P); aspartic acid or glutamic 
acid (red, D and E); arginine or lysine (blue, R and K); and methionine, valine, leucine, isoleucine, phenylalanine, tyrosine, or tryptophan (green* 
M, V, L, I, F, Y, and W). The remaining amino acids,  glycine, alanine, serine, mhreonine, asparagine, glutamine, histidine, and cysteine (G, A, S, 
T, N, Q, H, and C) are uncolored and called indifferent. Any column containing 4 or more amino acids of a single color  is said to possess that character 
and the amino acids of that color are boxed. Numbers along the left and right margins are residue numbers in the mature peptide. We refer to  these 
three repeats as the fvst three repeats in each gene. b. (Bottom): Most of the repeats in  exon 4 are 22-mers, each of which  is made up of two 11-mers, 
and the other repeats are 11-mcrs. When more than 16 amino acids in a column are of a single  color, the amino acids with that color are boxed. 
We refer to  the Jirst repeat in exon 4 as the fourth repeat in each gene; the repeats are denoted as A-1-4, A-1-5, etc. 

tures described  as the basic lipid-binding domains by binding amphipathic helicies  identified in the  individual 
Fukushima  et  al. (170) and Nakagawa  et  al. (172). Indeed, proteins (173). Luo et al. (27)  have  designated the three 
some of the  repeats  identified  in  Fig. 3 represent lipid- repeats of 11 codons  in  exon 3 the first three  repeats in each 
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gene and the first 22 codons in exon 4 the fourth repeat, 
e.g., A-1-4 (Fig. 3 bottom). 

In general, among the three longer proteins (A-I, A-IV, 
and E), the repeats in apoA-IV are the most regular, 
whereas those in apoE are the least regular. In fact, fewer 
of the repeats in apoE begin with proline, deletions appear 
to have occurred in repeats E-10, E-11, and E-12, and there 
are extra residues (not shown) between E-12 and E-13 and 
between E-13 and E-14. 

Some remarkable features emerge from the alignment 
shown in Fig. 3 bottom. Most prolines (purple) appear in 
the first column of group A. Columns 6 and 10 of both 
groups A and B are mostly occupied by hydrophobic amino 
acids (green), the rest being indifferent (uncolored) amino 
acids. In both groups, columns 4 and 5 are predominantly 
occupied by acidic amino acids (red), and column 9 by basic 
amino acids (blue), while column 11 does not have a pre- 
dominant pattern (color). Column 2 in group, A is 
predominantly occupied by hydrophobic amino acids, but 
that in group B does not have a predominant pattern. Fur- 
thermore, hydrophobic amino acids (green) occur consider- 
ably more frequently in column 3 in group B than in 
column 3 in group A, and basic amino acids (blue) occur 
more frequently in column 7 in group B than in column 
7 in group A. Thus, while the two groups have major 
similarities, they also have minor differences. 

Complete cDNA sequences have recently become avail- 
able for chicken apolipoproteins (174, 175) and for two lam- 
prey apolipoproteins named LALl and LAL2 (176). It has 
been found that chicken apoA-I has a repeat pattern very 
similar to that in human apoA-I (174, 175), suggesting that 
all the internal repeats in these sequences arose before the 
bird-mammal split. Lamprey LALl has a repeat pattern 
similar to those in human apoA-I1 and C-I11 (Fig. 3). On 
the other hand, the sequence for LAL2 provides no clear 
indication for the existence of internal repeats. In fact, even 
the common block of 33 residues seen in apoA-I, A-11, A-IV, 
C-I, C-11, C-111, and E cannot be identified in LAL2. 
However, the segments defined by the three proline residues 
at positions 57, 79, and 100 in the mature peptide region 

of LAL2 could be remnants of three internal repeats. The 
segments 79-99 and 100-120 have the potential to form an 
amphipathic helical structure (data not shown), though the 
segment 59-78 does not have such a potential. The seg- 
ment 35-56 can also form an amphipathic helical struc- 
ture and might represent another repeat. 

Under the pattern of internal repeats depicted in Fig. 3, 
the mature peptide of each of these proteins (except LAL2) 
is almost completely made up of internal repeats. For ex- 
ample, in apoA-11, A-I, and C-111, only the first and the 
last six or seven amino acids of the mature peptide are not 
included in the repeats shown in Fig. 3. 

For the genes shown in Fig. 3 where the genomic struc- 
ture is known, the last intron invariably interrupts the coding 
sequence between the second and third base of the last 
amino acid residue of the common block. The genomic 
structure of two of the apolipoproteins in this figure, 
apoC-I and LAL1, is still unknown. However, based on the 
alignment shown, we speculate that the last intron in 
apoC-I and LALl might interrupt these sequences at 
residues 39 and 42, respectively. As discussed in the sec- 
tion on the Structural organization of the apolipoprotein 
genes, secondary structural analysis of apoC-I also predicts 
the presence of an intron at the same location (residue 39). 
A similar analysis (data not shown) of the lamprey apo- 
lipoproteins LALl and LAL2 also suggests that the former 
might have an intron at the predicted location (residue 42), 
and the latter might have an intron at or around residue 34. 

The similarities in genomic structure and in the pattern 
of internal repeats among the genes coding for the soluble 
apolipoproteins discussed above allow us to present a com- 
mon model for the structure of their mRNAs (Fig. 4). 
Based on such a model, one can directly compare regions 
of the gene (and protein) among different apolipoproteins, 
as well as compare the same apolipoproteins (and their 
genes) among different species. From such sequence com- 
parisons, one can estimate the rates of evolution of in- 
dividual apolipoproteins and their subdomains, and infer 
the evolutionary relationships among the members of the 
apolipoprotein multigene family (see below). 

Common 33-codon Block 

Fig, 4. Common structure of apolipoprotein mRNAs. The mRNAs that share this common structure include: 
apoA-I, A-11, C-I, (2-11, C-111, E, and apoVLDL-11. ApoA-IV mRNA has a similar structure except that it has lost 
the intron 1 represented by the first triangle. The mRNA for LAL1, a lamprey apolipoprotein, also shares the same 
structure, but the location of the introns is unknown. 
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ApoB-100 structure and internal repeats 

ApoB-100 is the largest of the apolipoproteins. For many 
years, investigations into the structure of apoB have been 
hampered by its large size, its insolubility in aqueous buffers 
after delipidation, and its susceptibility to proteolytic 
cleavage during purification. ApoB-48, the form of apoB 
present in chylomicrons, appears to share epitopes (88, 89) 
and sequences (89, 97) common to the NH2-terminal half 
of apoB-100. Recently, the application of recombinant DNA 
techniques has allowed the cloning (114-116, 118, 120, 121, 
123) and complete sequence analysis of apoB-100 cDNAs 
(65, 113, 117, 119, 122). The reactivity of some of the cloned 
cDNAs to specific monoclonal antibodies has allowed the 
assignment of apoB-74 to the carboxyl-terminal, and 
apoB-26, the amino-terminal parts of the molecule (121). 
The deduced amino acid sequence of apoB-100 has pro- 
vided valuable information on some of the structural 
aspects of apoB function (65, 113, 117, 119, 122). ApoB-100 
is a 4536-amino acid protein, the largest polypeptide ever 
studied (65, 113, 117, 119, 122). It is the most hydrophobic of 
all the apolipoproteins. The sequence is punctuated by 25 
cysteines, 12 of which are located in the NH2-terminal 500 
residues. Inspection of the sequence has led to the identifica- 
tion of two potential LDL receptor-binding domains based 
on their homology to the receptor-binding region in apoE 
(116). A synthetic peptide (residues 3345-3381) of one of 
the two regions was found to bind to the LDL receptor and 
suppress 3-hydroxy-3-methylglutaryl coenzyme A reduc- 
tase activities in cultured human fibroblasts (122). In addi- 
tion, Yang et al. (122) have extensive sequence data from 
direct analysis of LDL apoB-100 tryptic peptides. Based 
on the differential accessibility of the different regions of 
LDL apoB-100 to tryptic digestion, they have proposed a 
model for the structure and conformation of apoB-100 on 
LDL (122). 

Immunochemical polymorphism of human apoB has 
been shown in various laboratories (177-179). Recent 
studies (180) using monoclonal antibodies against purified 
LDL containing apoB-100 as its only protein component 
confirm the existence of such immunochemical polymor- 
phisms. The first evidence for polymorphism at the primary 
amino acid sequence level was provided by Wei et al. (121) 
who found, scattered over the carboxyl-terminal fifth of the 
protein, differences in single amino acid residues identified 
by direct sequencing of apoB-100 tryptic peptides and those 
deduced from the cDNA sequence. It became evident later 
that such polymorphisms indeed existed throughout the 
molecule as revealed by complete cDNA sequences reported 
by different laboratories (65, 113, 117, 119, 122). Some of 
the differences are reflected by restriction fragment length 
polymorphisms involving the apoB gene (92-94), while the 
others are confirmed by direct sequence analysis of 
apoB-100 tryptic peptides (122). It is possible that some of 
the sequence heterogeneities of apoB-100 involve crucial 
parts of the molecule resulting in differences in function 

and metabolism of LDL. Indeed, evidence that a specific 
apoB-100 allele can result in familial hypercholesterolemia 
and premature atherosclerosis has been found in a strain 
of pigs described by Rapacz et al. (181). These investiga- 
tors found that these pigs bear three immunologically 
defined lipoprotein-associated markers (allotypes), includ- 
ing one that defines a variant apoB in these animals. Fu- 
ture studies on these genetic markers, especially with respect 
to apoB structure and function, will be important for un- 
derstanding apoB-LDL receptor interactions. 

When human apoB-100 was digested with trypsin, the 
amino acid composition of the remaining parts of the pro- 
tein showed little difference from that of the undigested pro- 
tein (182, 183). This observation suggests that apoB-100 con- 
tains internal repeats. This is an interesting possibility be- 
cause it might explain how such an exceptionally large 
protein has evolved and because internal repeats have been 
found in all the apolipoproteins discussed above. The re- 
cent studies by Yang et al. (122) and DeLoof et al. (184) 
have provided evidence for the existence of many internal 
repeats in apoB-100. Of particular interest was the discovery 
of the following two classes of repeats: amphipathic helical 
regions and hydrophobic proline-rich domains (184; Tables 
4 and 5). These repeats were detected by a special itera- 
tive multiple alignment algorithm (184). The threshold 
score used was 11, a level such that the well-documented 
internal repeats of apoA-I, A-IV, or E appear clearly on 
the comparison matrices. Furthermore, the statistical sig- 
nificance of these repeats was confirmed by Monte-Carlo 
simulation tests and other tests (184). 

The first class of internal repeats, together with the 
22-residue consensus, is shown in Table 4. Representation 
of the consensus sequence in an Edmundson-wheel diagram 
indicates that it has an amphipathic structure: hydrophobic 
amino acids are located on one side of the helix, whereas 
the polar residues are located on the other side (Fig. 5) .  
This is also true for each of the repeats in Table 4. 
Moreover, calculations of the mean hydrophobicity and the 
helical hydrophobic moment of each repeat and the con- 
sensus sequence indicate that all the sequences have a high 
helical hydrophobic moment consistent with an amphi- 
pathic structure. Such structures have also been found in 
other apolipoproteins and are thought to be important for 
phospholipid binding (see above). Interestingly, on intact 
LDL particles, the domains containing these repeats are 
generally inaccessible to trypsin (122), further supporting 
the hypothesis that these are involved in lipid binding. 

In contrast, the proline-rich repeats (Table 5) are unique 
to apoB-100 and are characterized by the preponderance 
of hydrophobic residues. Their secondary structure is 
predicted to be composed of predominantly @-sheets and 
@-turns (due to proline residues), which might interact with 
lipids in a particular way (184). Computer modeling (Bras- 
seur, R., H. De Loof, M. Rosseneu, and J. M. Ruysschaert, 
personal communication) of these proline-rich sequences 
in the presence of dipalmitoylphosphatidylcholine suggests 
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TABLE 4. 22 Residue consensus 

First 
Residue Sequence Score 

Mean 
Hydrophobicity 

Mean Helical 
Hydrophobic 

Moment 

2079 
2135 
2173 
2384 
2407 
4150 
4237 
4397 
4463 

QFYRKXR A AL G KLUQANDYLN 
DAK I NF N EKL S QLQTYM I QFDQ 
- N I  I DE 1 I E K L K  SLDEHYH IRYN 
T F I  “KFLDMLIKKLKSFDY 
QFYDETNDK I REVTQRLNGE Q 
RYTQEFHMKVKHL IDS L I DFLN 
DYI SMYRE LLKDLSKEAQEVFK 
- EY I V SA S N F  T S QL S SQVEQFLH 
DYHMFRYKLQDFSDQL S D m  

12.54 
11.63 
12.09 
11.59 
12.31 
12.68 
11.95 
11.85 
12.90 

- .20 
- .08 
- .06 

.06 
- .32 

.03 
- .12 

.13 
- .31 

0.98 
0.89 
1.02 
1.01 
1.02 
1 .oo 
0.99 
0.69 
0.82 

Consensus DF I D  E FN E K LKDL SDQLNDFLN - .13 0.98 

The 22-residue-long consensus sequence derived by the iterative alignment procedure. This consensus sequence is shown in an Edmundson wheel 
(224) representation on Fig. 5. Identical residues are printed bold and related amino acids are underlined. The mean scores are calculated using 
the Staden (225) scoring matrix. The mean hydrophobicity and mean helical hydrophobic moment are calculated for all segments as previously described 
(159, 226). The mean hydrophobicity of the different segments is close to zero. The mean helical hydrophobic moment is, however, close to unity 
for most segments. This is indicative of the amphipathic nature of these segments when oriented in a helical conformation. The presentation of the 
individual segments in an Edmundson-wheel diagram confirms that each segment can form an amphipathic helix. This table has been taken from 
DeLoof et al. (184). 

that the first part of each segment consists of a 0-sheet that 
might penetrate into the acyl chains. After a turn around 
a proline residue, the segment can form a second 0-sheet 
parallel to the first one, but with a reverse orientation. Such 
a structure would be able to penetrate more deeply into 
the LDL than the amphipathic helices. Cooperativity in 
the lipid-binding of these two different classes of subdo- 
mains, i.e., amphipathic versus proline-rich regions, might 
account for the observation that, in contrast to the smaller 
apolipoproteins, apoB does not exchange between different 
lipoprotein particles (3). 

ApoD structure: lack of internal repeats 

ApoD is a glycoprotein with an apparent M, of 33,000 
found in HDL (185, 186). Its function is unknown. 
However, the protein was found complexed with LCAT, and 
cholesteryl ester transport is one of its postulated functions 
(185, 187). The structure of apoD was recently deduced 
from its cloned cDNA sequence (66). It is a 169-amino acid 
protein with a predicted a-helical content (158) of less than 
5’36, in contrast to the substantial amounts of a-helix 
present in other apolipoproteins. We performed a dot 
matrix analysis of the human apoD sequence and have not 
uncovered any potential repeats. This sets apoD distinct 
from the other apolipoproteins sequenced to date. 

EVOLUTION 

One important aspect in the study of evolution of genes 
is to know the rate of nucleotide substitution. Because of 
the degeneracy of the genetic code, nucleotide substitutions 
in protein coding genes can be of two types: synonymous 

and nonsynonymous. A synonymous substitution causes 
no amino acid change, while a nonsynonymous substitu- 
tion results in an amino acid replacement. Treating these 
two types of substitutions separately can give a better in- 
sight into the mechanisms of nucleotide substitution in evo- 
lution. Moreover, nucleotide sites can also be classified into 
synonymous and nonsynonymous. The conventional ap- 
proach is to count a nucleotide site as a nonsynonymous 
site if all possible changes at that site are nonsynonymous, 
two-thirds nonsynonymous, and one-third synonymous if 

14 

*’3 LI 

10 L 

17 L 
6 

18 11 

Q 
K 16 

9 * :o 

19 

Fig. 5.  Edmundson-wheel diagram of the 22-residue consensus sequence 
in apoB-100. The diagram is drawn according to Schiffer and Edmund- 
son (224). One side of the helix clearly has hydrophobic amino acids while 
nonpolar amino acids are present on the other side of the helix. 
Edmundson-wheel diagrams of individual repeats in Table 2 show that 
each of them can potentially form an amphipathic helix. This figure is 
taken from DeLoof et al. (184). 
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TABLE 5.  "Proline-rich" consensus sequences 

Flrsl 
Residue Sequrnc LI Swrc  

A. 52 Residues 
1283 L K M L E E R T  PfiHFKSVCFI-JLPS REFQVPTET I PKLYQLQVP-LLGJLDLSTN 11.88 

2574 11.31 

2666 LRDLKVED PLARI TLEDFRLPEI AI PEF I IPTLNLNEFQVP-DLHI PEFQLP 12.28  
3245 YV - F PKAVSMPSFS I LGSDVRVPSYTLI - LP ZELPVLI-JVERNL-KLSLPDFKEL 11.98 

3711 N D L N  SVLVMPTFHVPFTDLQJPS - _  CKLDFRE IQIYKKLRTSS F-ALNLPTLPEY 11.40 

3805 12.26 

E V S LQALQK - ATF QT PDF I VPLTDLRI - P SVQI E K D L K N I  K - I PSRFS TPEFT I - 

SDGJ AALD _ _  LNAVANKI ADFEL PTI - -  I VPEQTIEI P S 1K FSVPA-G I A I  PSFQAL 

Consensus LD SLKALDMPTFHI PSSDFRLPS ITIPEPTIEIPKLKNSQVP-ALS I PDFQEL 

B. 25 Residues 

1296 

2585 

2629 
2704 

3219 

3251 

3717 

3823 

F K S V G F H L P S R W V P E T I  P K L Y Q  
FQTPDF IVPLTD LR 1 PSEQI M K D L  
FH 1 P S F T J D F V E K V K I  I R T  I DQML 
FQEPDLHIPEFQL PH I SHTI E V P E  
FQ!PGYTVPVVNJEV=TI - E E A E  

- VSMPSF S 1 LGZDYRV P S UT I & P 2 L 
- LVMPTFHVPFTD L Q V P S C K m R E  1 
F E  LPTI I VPEQT - I E 1 P S  I K F S V P A G  

11.84 

12.76 
11.68 

12 .72  
12.80 

12.24 
12.54 

12.64 

Consensus FQMPSFHVPETDLEVPS I T I E V P A  L 

Fifty-two- and 25-residue-long consensus sequences derived by the iterative alignment procedure. Identical residues are printed bold and related 
amino acids are underlined. The mean scores are calculated using the Staden (225) scoring matrix and gaps are penalized. This table has been taken 
from DeLoof et al. (184). 

two of the three possible changes at that site are nonsynony- 
mous, and so on (188). Following this classification, one can 
then calculate the number (KA) of substitutions per non- 
synonymous site and the number (Ks) of substitutions per 
synonymous site when comparing two homologous genes 
(188). When the divergence time between the two genes is 
known, then one can compute the synonymous and non- 
synonymous rates of nucleotide substitution. 

Knowing the rate of nucleotide substitution can serve 
at least two purposes. First, it may enable one to infer the 
dates of certain types of evolutionary events such as gene 
duplication. By this approach, rough estimates of the dupli- 
cation dates have been obtained for several pairs of the 
apolipoprotein genes (27). Second, it may enable one to 
infer the stringency of structural requirements in a pro- 
tein or parts of a protein. Comparative studies of protein 
and DNA sequences have led to the general conclusion that 
functionally more important molecules or parts of a 
molecule evolve more slowly than less important ones 
(188-191). A good example is the proinsulin polypeptide, 
which consists of three peptides, A, B, and C. The C pep- 
tide connects the A and B chains of the proinsulin and is 
cleaved off following disulfide linkage and assembly of the 
latter two chains to form the mature insulin molecule. The 
A and B chains comprise the bioactive insulin that binds 
to the insulin receptor, while the C peptide, once cleaved 

from proinsulin, does not have any known function. The 
rate of nonsynonymous substitution is found to be much 
higher in the region coding for the C peptide than in the 
regions coding for the A and B peptides, suggesting that 
the former is subject to less stringent structural constraints 
than the latter (191). Using this idea, Luo et al. (27) and 
Datta et al. (133) have inferred the structure-function rela- 
tionship in most of the apolipoproteins. 

Another important aspect in the study of evolution of 
genes is to infer the evolutionary relationships among genes. 
For the apolipoprotein genes, this can be done by consider- 
ing similarities in DNA or amino acid sequences, pattern of 
internal repeats, and genomic structure (27; see also Fig. 4). 

Rates of nucleotide substitution 

Luo et al. (27) and Datta et al. (133) have studied the 
rate of nucleotide substitution in the genes coding for 
apoA-I, A-11, A-IV, C-11, C-111, and E. The results of their 
analysis are shown in Table 6. In this discussion, the rate of 
synonymous substitution is not considered for two reasons. 
First, this rate is not useful for inferring the stringency of 
structural requirements at the amino acid level. Second, 
the degree of divergence between different apolipoprotein 
genes is very large at synonymous sites so that it is difficult 
to obtain reliable estimates of the Ks values. Therefore, 
the Ks values cannot be used to infer the duplication dates 
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TABLE 6. Number of substitutions per nonsynonymous site between human and dog or rat apolipoprotein genes 

Signal Repeats in the Mature Peptide Region Total 
Peptide Mature 

Genes Region 1 + 2 + 3  4 5 6 7 8 9 10 11 12 13 14 15 16 17 Peptide 

0-globin 

B- 100 

c - I 1  

c-111 

A-I1 

A-I  

E 

A-IV 

0.13 
(0.06) 

0.06 
(0.05) 

0.15 
(0.08) 

0.09 
(0.05) 

0.19 
(0.08) 

0.15 
(0.07) 

0.22 
(0.09) 

0.16 
(0.08) 

0.26 
(0.07) 

0.10 
(0.04) 

0.26 
(0.07) 

0.23 
(0.06) 

0.25 
(0.06) 

0.08 
(0.03) 

0.08 
(0.03) 

0.09 

0.11 
(0.05) 

0.08 0.23 
(0.06) (0.08) 

0.28 0.26 
(0.13) (0.08) 

0.34 0.31 
(0.15) (0.10) 

0.29 0.51 
(0.12) (0.14) 

0.25 0.13 0.23 0.19 0.49 0.43 0.51 0.21 0.14 0.46 
(0.08) (0.05) (0.10) (0.07) (0.14) (0.12) (0.14) (0.07) (0.08) (0.12) 

0.19 0.07 0.23 0.21 0.07 0.10 0.48 0.27 0.26 0.12 0.14 
(0.07) (0.04) (0.11) (0.07) (0.04) (0.05) (0.15) (0.11) (0.09) (0.05) (0.06) 

0.15 0.40 0.26 0.25 0.41 0.45 0.23 0.26 0.19 0.39 0.13 0.28 

0.12 

0.09 

(0.02) 

(0.01) 

0.22 
(0.04) 

0.17 
(0.03) 

0.33 
(0.05) 

0.32 
(0.05) 

0.35 
(0.05) 

0.25 

0.19 

(0.02) 

(0.02) 

0.23 0.15 0.24 
(0.04) (0.06) (0.13) (0.14) (0.08) (0.12) (0.14) (0.08) (0.09) (0.07) (0.12) (0.06) (0.10) (0.08) (0.06) (0.02) 

For apoC-11, the comparison is between human and dog; for apoC-111, the three comparisons are between human and dog, dog and rat, and human 
and rat, respectively; for the other genes, the comparison is between human and rat. The apoB-100 is a partial sequence. The values in parentheses 
are standard errors. The repeat numbers in different genes do not necessarily correspond to each other. The 0-globin gene is given for comparison 
because it evolves at the average rate for 35 mammalian genes (188). 

or the evolutionary relationships among the apolipoprotein 
genes. In the present section, consideration is given to the 
substitution rates in the signal peptide region and in the 
mature peptide region as a whole. The substitution rates 
in individual repeat regions are considered later. 

In the signal peptide region, the KA value for apoC-I11 
is 0.06 between human and dog, 0.15 between dog and rat, 
and 0.09 between human and rat. Since the three species 
diverged at about the same time (192), we can show that 
the KA value is (0.06 + 0.09 - 0.15)/2 = 0.00 in the hu- 
man lineage, 0.06 in the dog lineage, and 0.09 in the 
rat lineage; for the method, see Fitch and Margoliash (193). 
This suggests that no nonsynonymous substitution has oc- 
curred in the signal peptide region in the human apoC-I11 
gene since the time of mammalian radiation, Le., about 80 
million years ago (192). The variation in the KA value 
among the other genes can be largely attributed to statistical 
fluctuations and so the signal peptides in the other proteins 
have evolved at about the same rate. Actually, in the diver- 
gence between dog and rat, the signal peptide in apoC-I11 
has also evolved at a rate similar to those in the other pro- 
teins in Table 6. It is not ciear why the signal peptide in 
human apoC-I11 has been so well conserved in evolution. 

In the mature peptide region of the apoC-I11 gene, the 
KA value is 0.17 between human and dog, 0.33 between 
dog and rat, and 0.32 between human and rat. Therefore, 

the KA value is 0.08 in human lineage, 0.09 in the dog 
lineage, and 0.24 in the rat lineage. Thus, apoC-I11 has 
evolved about three times faster in the rat lineage than in 
the human and dog lineages. This difference in rate is con- 
siderably larger than Wu and Li’s (194) estimate that the 
nonsynonymous rate is, on the average, 1.3 times higher 
in the rodent lineage than in the human lineage. It will be 
interesting to know whether any other apolipoproteins also 
evolve much faster in the rodent lineage than in the 
human lineage. 

In the mature peptide region, the KA value between the 
human and dog apoC-I1 genes is somewhat larger than that 
between the human and dog apoC-I11 genes, suggesting 
that apoC-I1 is somewhat less conservative than apoC-111. 
The KA value between the human and rat apoC-I11 genes 
is close to that between the human and rat apoA-I1 genes. It 
is seen from the table that the apoA-I1 gene evolves two to 
three times faster than the 8-globin gene, which evolves at 
the average rate for 35 mammalian genes (188). We may 
therefore conclude that apoA-11, apoC-11, and apoC-I11 all 
evolve very rapidly. Further, we note that apoA-I and 
apoA-IV have evolved twice as fast as the 0-globin and that 
apoE has also evolved considerably faster than the 
0-globin. Thus, all of these apolipoproteins are not con- 
servative in evolution. In contrast, the partial apoB-100 se- 
quence corresponding to residues 595 + 979 seems to be 
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more conservative than the /3-globin (Table 6). It will be 
interesting to know whether this is true for the entire 
apoB-100 molecule. It is also interesting to note that the 
shorter proteins A-11, C-I1 and C-I11 are less conservative 
than the longer proteins A-I, E, A-IV, and apoB-100. 

above and the fourth exon contained the basic repeat unit 
of 11 codons, as does the present day apoC-I. This gene 
was duplicated into two; one of them led to apoC-I and 
the other became the common ancestor of the other apo- 
lipoprotein genes. In the latter lineage, the first 11 codons 
of exon 4 were duplicated and then the whole gene was 

Evolutionary relationships 
C-I, C-11, C-111, E, LALl 

among apoA-I, A-11, A-IV, 
, and LALP 

As discussed above, the genes coding for apoA-I, A-11, 
C-I, C-11, C-111, and E each have a total of three introns 
at the same locations and the gene encoding apoA-1V also 
has the same genomic structure except that it has lost the 
first intron. All of these genes have a similar repeat pat- 
tern and their third exon shares a common block of 33 
codons (see Table 3 and Figs. 3 and 4). Based on these ob- 
servations, Luo et al. (27) and Boguski et al. (195) have 
proposed that these genes are evolutionarily related and 
arose from a common ancestral gene. The evolutionary 
scenario proposed by Luo et al. (27) for these genes is as 
follows (Fig. 6). 

The common ancestor of the apolipoprotein genes was 
very similar to the present day apoC-I in structure and 
length. It contained three introns at the same locations as 
observed in the present day genes. The third exon of this 
gene contained the common block of 33 codons mentioned 

duplicated into two. One of the two genes became the 
present day apoC-11, and the other became the common 
ancestor of the apolipoprotein genes other than apoC-I and 
apoC-11. In the latter lineage, a duplication of the first 22  
codons of exon 4 occurred and then a duplication of the 
whole gene followed. In one of the two resultant genes, a 
deletion of the first 11 codons of exon 4 occurred and the 
gene was later duplicated, one part leading to apoA-I1 and 
the other to apoC-111. The other gene experienced six or 
seven duplications of the 22 codon repeat and a duplica- 
tion or deletion of 11 codons in exon 4 and was then dupli- 
cated: one of them gained two duplications of 22 codons 
and became the present day apoE; the other gained one 
duplication of 22 codons in exon 4 and was then duplicated, 
one leading to apoA-I and the other to apoA-IV after gain- 
ing three duplications of 22 codons in exon 4. After the 
separation of apoA-IV from apoA-I, the gene for apoA-IV 
lost the first intron. A tentative evolutionary history of the 
internal repeats in apoA-I has been proposed by Fitch, 
Smith, and Breslow (196). 

A-I A- lv  E A-11 c-111 C-11 C-1 

Fig. 6. A hypothetical scheme for the evolution of apolipoprotein genes. The primordial apolipoprotein gene was 
probably very similar to apoC-I in structure and length. It was duplicated in two; one of them led to apoC-I and 
the other became the common ancestor of the apolipoprotein genes. In the latter lineage, the first 11 codons of exon 
4 were duplicated and then the whole gene was duplicated into two. One of them led to apoC-I1 and the other be- 
came the common ancestor of the apolipoprotein genes other than apoC-I and C-11. In the latter lineage, the first 
22 codons of exon 4 were duplicated and a duplication of the whole gene followed. In one lineage, a deletion of the 
first 11 codons of exon 4 occurred and then the gene was duplicated into two, leading to apoA-I1 and C-111. In the 
other lineage, at least six duplications of 22 codons occurred (these six repeats are referred to as A-1-7, A-1-8, A-1-9, 
A-1-11, A-1-12, and A-1-13 in apoA-I, A-IV-7, A-IV-8, A-IV-9, A-IV-14, A-IV-16, and A-IV-17 in apoA-IV, and E-7, 
E-8, E-IO, E-12, E-13, and E-14 in apoE) and possibly a duplication of 11 codons or a duplication of 22 codons fol- 
lowed by a deletion of 11 codons (this explains the half repeats A-1-6, A-IV-6, and E-6). A duplication of the whole 
gene then occurred. One of the two resultant genes led to apoE after gaining two duplications of 22 codons (repeats 
E-9 and E-11). The other gained one duplication of 22 codons (A-1-7 in apoA-I and A-IV-7 in apoA-IV) and was 
duplicated into two. One of them became apoA-IV after gaining three duplications of 22 codons (A-IV-12, A-IV-13 
and A-IV-15). The other became apoA-I after losing 11 codons in repeat A-1-12, For more details, see Luo et al. (27). 
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Luo et al. (27) speculate that apoA-I1 and apoC-111 are 
more closely related to each other than either of them is 
to the other genes (Fig. 6), because they are very similar 
in structure and length, e.g., their mature regions contain 
the same number of repeats and their signal peptide regions 
encoded by exon 2 differ by only one codon in length (Table 
3 and Fig. 3). They also propose that apoA-I and apoA-IV 
are closer to each other than either is to apoE for two 
reasons [see also Boguski et al. (125)l. First, apoA-I and 
apoA-IV seem to share more repeats in common (Fig. 3). 
Actually, their repeat patterns are very similar, e.g., most 
of their repeats start with proline [see Fig. 3b and Boguski 
et al. (30)]. Second, the degree of sequence divergence is 
smaller between apoA-I and apu4-IV than between either of 
them and apoE (27). Furthermore, the evolutionary tree 
shown in Fig. 6 is the most parsimonious in terms of internal 
duplications and deletions. Barker and Dayhoff (26) had 
previously proposed that apoA-I separated from apoC -I 
earlier than did the ancestor of apoA-I1 and apoC-111. Un- 
der their proposal, one must assume that the repeats in exon 
4 of apoA-I1 and apoC-111, and those in exon 4 of apoA-I 
were derived independently from the first 11 codons of exon 
4 of apoC-I. This assumption does not seem plausible. It 
should be noted that the repeat A-11-5 and most of the 
repeats in apoA-I start with proline (Fig. 3b); therefore, 
it is quite possible that A-11-5 and most of the repeats in 
apoA-I share a common origin. At any rate, the tree pro- 
posed by Barker and Dayhoff (26) requires more internal 
duplication events than does that by Luo et al. (27). 

The apolipoprotein genes shown in Fig. 6 are located on 
three separate human chromosomes: apoE, C-11, and C-I 
are on chromosome 19; apoA-I, (2-111, and A-IV are on 
chromosome 11; and apoA-I1 is on chromosome 1 (see Table 
2 and the section on Chromosomal localization and linkage 
analysis). The chromosomal distributions are not inconsis- 
tent with the evolutionary tree shown in Fig. 6 if we postu- 
late the following scenario: a series of duplication events, 
starting from the ancestor of the apoC-I gene, produced 
on chromosome 19 the following apolipoprotein genes: E, 
A-I, C-111, A-11, C-I1 and C-I. Subsequently, the apoA-I1 
gene moved to chromosome 1 and the genes for apoA-I and 
C-I11 moved to chromosome 11. The other apolipoprotein 
genes, i.e., those for E, C-I and C-11, remained as a cluster 
on chromosome 19. On chromosome 11, apoA-I underwent 
a duplication and produced apoA-IV. A DNA transposition 
then resulted in the insertion of the apoC-I11 gene in be- 
tween the apoA-I and apoA-IV genes. This transposition is 
proposed for two reasons: first, nucleotide and amino acid 
sequence homology comparisons clearly indicate that apoA-I 
and apoA-IV are much more closely related to each other 
than either is to apoC-111. Second, since the apoC-I11 gene 
is in the opposite orientation to that of the apoA-I and 
apoA-IV genes (106, 136), it cannot be the immediate 
precursor of either of the latter two genes. 

Using the numbers of nucleotide substitutions per non- 
synonymous site between apolipoprotein genes and the 
rates of nonsynonymous substitution in apolipoprotein 
genes, Luo et al. (27) have estimated the divergence times 
between each pair of genes in Fig. 6 as follows. ApoA-I and 
apoA-IV diverged about 270 million years (Myr) ago, and 
their ancestor and apoE diverged about 420 Myr ago. ApoA- 
I1 and apoC-I11 separated from each other about 285 Myr 
ago, and their ancestor separated from that of apoA-I, apoA- 
IV, and apoE about 430 Myr ago. The last estimate is con- 
sistent with the observation that apoA-I1 is present in fish 
(176, 197-199) because fish and mammals diverged about 
400 Myr ago (192). ApoC-I1 branched off about 570 Myr 
ago, and apoC-I and the other genes in Fig. 6 shared a 
common ancestor about 680 Myr ago. Luo et al. (27) cau- 
tioned that these are very rough estimates. 

Lamprey LALl is similar to the mammalian apoA-I1 and 
apoC-I11 not only in repeat pattern (Fig. 3), but also in 
the length of mature peptide; human apoA-I1 and apoC-I11 
are 77 and 79 residues long (Table 3) and lamprey LALl 
is 76 residues long (176). Further, like apoA-11, LALl ap- 
pears to have a prosegment (176). Thus, LALl could be 
the counterpart of mammalian apoA-11. Since the estimated 
divergence date between A-I1 and C-III(285 Myr) is much 
more recent than the divergence date between the lamprey 
and mammalian lineages [about 400 to 450 Myr; see 
Romer (192)], it is reasonable to assume that LALl and 
the ancestor of A-I1 and C-I11 were derived from a com- 
mon ancestral sequence at the time of the lamprey- 
mammal split. On  the other hand, it is not clear whether 
the divergence between the ancestor of A-I1 and C-111 and 
that of A-I, A-IV, and E (Fig. 6) occurred before or after 
the lamprey-mammal divergence for two reasons. First, the 
estimated date for the former divergence (430 Myr) is close 
to the latter divergence. Second, LALl is approximately 
equally similar to A-I, A-IV, E, A-I1 and C-111; for exam- 
ple, in the 33-residue common block, the numbers of iden- 
tical amino acids between LALl and each of human A-I, 
A-11, A-IV, C-111, and E are 4, 5, 8, 5, and 5, respectively. 
It seems clear, however, that C-I and C-I1 had branched 
off earlier than the lamprey-mammal split because they 
differ from LAL1, A-11, and C-111 in repeat pattern (Fig. 
3). Lamprey LAL2 is very different from all known mam- 
malian apolipoproteins and so its evolutionary relationship 
to the latter is uncertain. 

Are apoB and apoD related to other apolipoproteins? 
We have used the dot matrix method to search for poten- 

tial homologous regions between apoB-100 and each of 
apoA-I, apoA-IV, and apoE. Table 7 shows a partial list 
of regions of high similarity between apoE and apoB-100 
and between apoA-IV and apoB-100. With one exception, 
all the similarities shown in Table 7 are equal to or higher 
than 30%. Although it is difficult to know whether any of 
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TABLE 7.  Percent similarities (S) between apoE and apoB-100 segments and between apoA-IV and apoR-100 segmenis 

ApoE VS.  ApoB-100 ApoA-IV vs ApoB-100 

Segment Segment Segment Srgment 
in E in B-100 L" S in A-IV in B-100 1." \ 

21-67 1011-1057 47 23 77-104 323-350 28 3') 
42-67 2463-2488 26 35 104-1 35 381 -41 2 32 31 
47-75 2314-2342 29 31 110-133 2431-2454 24 3 3 
48-86 316-354 39 31 148- 173 1523- 1548 26 35 
66-86 2431 -2451 21 38 202-226 1718-1742 25 3 2 

121-156 745-780 36 39 217-237 1378-1398 21 3 :i 
122-143 464-485 22 36 232-260 1774-1802 29 38 
133-155 3350-3372 23 39 224-254 561-591 31 32 
156-177 3627-3648 22 36 243-264 1358-1379 22 36 

209-228 2476-2495 20 35 331-363 2512-2544 33 3 0 
231-252 2322-2343 22 41 332-353 1660-1681 22 30 

203-223 1571-1591 21 38 269-289 1890-1 910 21  38 

233-261 241 5-2443 29 31 
234-254 334-354 21 38 
238-262 4267-4291 25 32 
242-264 1092-1114 23 39 

"L, number of amino acid residues 

these segment pairs are true homologs, the results suggest 
that apoB-100 might be related to apoA-I, A-IV, and E [see 
also De Loof et al. (184)l. 

A dot matrix comparison between apoD (66) and the 
other apolipoproteins failed to show any significant homol- 
ogy. This suggests that evolutionarily apoD is not a member 
of the apolipoprotein multigene family comprised of the 
other apolipoproteins discussed in this review. Furthermore, 
analysis of RNA blots showed that apoD mRNA is most 
abundant in the adrenal gland, and is present in consider- 
ably higher concentrations in the kidney, pancreas, and 
small intestine than in the liver (66). Such a tissue distri- 
bution is quite distinct from that of all the other apolipo- 
proteins and suggests that apoD might belong to a different 
class of proteins. The recent availability of apoD genomic 
structure supports such an interpretation (124). Unlike the 
other soluble apolipoproteins, the mature peptide coding 
portion of the gene contains three introns instead of one. 
Furthermore, the signal peptide region is not interrupted 
by any intron. The structural organization of the apoD gene 
is thus drastically different from those of the other soluble 
apolipoproteins. Indeed, the protein has been shown to dis- 
play a high degree of homology to human plasma retinol- 

binding protein, a, -microglobulin, ungulate P-microglobulin, 
rodent a&-globulin, and tobacco hornworm insecticyanin - 
all members of the a,-globulin superfamily (66, 124). 

Similarity of apolipoproteins to subdomains of LCAT 
Both apoA-I and apoE can activate LCAT (200, 201). It is 

thus intriguing that we detected some similarities in the 
primary structure of both apoA-I and apoE to that of LCAT. 
Table 8 presents the result of our comparison of apoA-I 
and apoE with LCAT. It is evident that both apolipopro- 
teins have regions with a high similarity to regions in LCAT. 
We are, however, not certain whether any of the similarities 
represent true homologies, Le., share a common origin. 

RELATIVE RATES OF EVOLUTION 
AND FUNCTIONAL ASPECTS OF 
APOLIPOPROTEIN STRUCTURE 

Luo et al. (27) and Datta et al. (133) have used the rate 
of nonsynonymous substitution to infer the stringency of 
structural requirements in various regions of the apolipo- 
proteins. Their results are as follows. 

TABLE 8. Percent similarities (S) between apoA-I and LCAT segments and between apoE and LCAT segments 

ApoA-I vs. LCAT ApoE vs. LCAT 

Segment Segment Segment Segment 
in ApoA-I in LCAT L" S in ApoE in LCAT L" S 

16-30 334-348 15 48 15-45 135- 165 31 29 
42-72 221-251 31 29 96-142 155-201 47 26 

123- 183 351-411 61 21 150-202 280-332 53 23 
134-21 3 121-200 80 20 182-194 338-350 13 46 

167- iaa 114-135 22 32 274-288 158-1 72 15 60 
163-1 74 117-128 12 50 206-231 140- I65 26 31 

"L, number of amino acid residues 
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As mentioned above, all of the apolipoprotein genes 

In apoC-111, repeats 1, 2, and 3, and exon 4 are not well shown in Table 6 and Figs. 3 and 4 contain a common block 
is 

located at the end of exon 3 and is referred to as repeats of hepatic uptake of 
1, 2, and in In this the KA (the lipoprotein remnant particles) does not have a very strin- 
number of nucleotide substitutions per nonsynonymous 
site) is low for apoA-I, A-IV, and E, suggesting that this 
block of 33 amino acids may be structurally important for 

ApoC-111 

Of S3 codons in the mature peptide region. This conserved. This observation suggests that the function of 
a p o ~ - ~ ~ ~  (e.g., the 

gent structural requirement. 

ApoA-11 
the function of these apolipoproteins. This block is also well 
conserved in human and dog apoC-111, though not in 
apoC-11, apoA-11, and rat apoC-111. 

The relatively high overall rates of nonsynonymous sub- 
stitution in apoA-I, apoA-IV, and apoE suggest that the 
structural requirement of lipid binding is not stringent, for 
all three proteins contain many lipid-binding domains (30, 
164, 173, 202). For example, each of the repeats A-1-8, 
A-1-9, A-1-10, A-1-13, A-IV-7, A-IV-10, E-11, and E-12 con- 
tains an amphipathic helix (106, 164, 173, 202); yet, they 
all exhibit high rates of nonsynonymous substitution. 

ApoC -11 

In apoC-11, exon 4 (repeat 4) is well conserved, probably 
because this part is important for the activation of lipo- 
protein lipase and in chylomicron and VLDL metabolism. 
Support for the importance of the carboxyl-terminal part of 
the molecule in lipoprotein lipase activation comes from the 
structure of apoC-IIToronto, a mutant apoC-I1 isolated 
from a patient with homozygous deficiency (203). The se- 
quence of apcC-I Imo is identical to that of normal a@-I1 
from residues 1 + 68. Residues 69 + 79 are missing, be- 
ing replaced by an unrelated hexapeptide, changes consis- 
tent with the deletion of a nucleotide for the codon of either 
Thr-68 or Asp-69 and a translation reading frame shift. 
ApoC is totally nonfunctional (203), indicating 
the importance of residues 69 + 79 for the normal lipase 
activating activity of the protein. This conclusion is con- 
sistent with previous experimental observations (203, 204). 
Studies using proteolytic fragments as well as synthetic pep- 
tides of human apoC-I1 indicate that the site of interac- 
tion of apoC-I1 with lipoprotein lipase is contained within 
residues 56-79 which encompasses repeat 4. Additional 
residues upstream (50-55 and 44-55) seem to enhance the 
enzyme activation in the presence of phospholipid-stabilized 
triolein emulsion because of the phospholipid binding ac- 
tivity that these additional residues confer to the peptide. 
It is interesting that Kinnunen et al. (204) and Smith et 
al. (205) found the last three residues (77-79) to be abso- 
lutely required for lipase activation; deletion of these 
residues resulted in total inactivation of the protein. Datta et 
al. (133) note that, in the dog, two of the last three amino 
acid residues are not conserved (-Gly-Asp-Ser instead of 
Gly-Glu-Glu), suggesting that the structural requirement for 
the terminal dipeptide -Glu-Glu is not absolute. Perhaps the 
critical requirement in the carboxyl-terminal tripeptide is 
the carboxylic acid side chains at the penultimate residue. 

The extremely high KA values in all regions in apoA-I1 
are probably due to weak functional constraints. ApoA-I1 
does not seem to play an important functional role, 
although its exact function is unknown. In fact, apoA-I1 
is either absent or expressed at a very low level in the dog 
(206), pig (207), cow (208), or chicken (209). 

ApoA-I 

A major function of apoA-I is the activation of LCAT 
(15, 18), an important enzyme in lipoprotein metabolism, 
which converts unesterified cholesterol to its ester form in 
plasma (18). Soutar et al. (16) have shown that both the 
amino- and carboxyl-terminal cyanogen bromide fragments 
(residues 1-85 and 147-243 of apd- I )  activate LCAT; in the 
latter fragment, residues 145-182 seem to be involved in the 
activation process (210). Surprisingly, this part of apoA-I 
sequence, which corresponds to repeats A-1-9 and A-1-10, is 
less conserved than the other repeats (Table 6). Thus, the 
structural requirements for LCAT activation may not be 
stringent. This conclusion is supported by other lines of 
evidence: 1) another region of apoA-I also activates LCAT 
(see above); 2) at least three other apolipoproteins, apoC-I 
(16), apoA-IV (17), and apoE (200, 201) can also activate 
LCAT and 3) synthetic model peptides that mimic apoA-I 
surface properties but differ from apoA-I in primary se- 
quences are effective in LCAT activation (210-212). While 
LCAT activation may be a major function of apoA-I, a high 
rate of evolution may still occur since the protein can under- 
go considerable change in its primary structure without im- 
pairment of this function. 

ApoA-IV 

The function of apoA-IV is unknown, though the protein 
also has LCAT-activating potential (17). However, like 
apoA-I, although some of the regions in apoA-IV are rela- 
tively well conserved, most of them are not conserved. On  
the whole, apoA-IV evolves at a rate very similar to that in 
apoA-I. Thus, the function of apoA-IV also does not seem to 
have stringent structural constraints. 

ApoE 

ApoE is an important determinant in the interaction be- 
tween apoE-containing lipoproteins and cell-surface recep- 
tors (213). Studies with specific proteolytic and chemical 
cleavage fragments of apoE indicate that the receptor- 
binding domain exists in the region between residues 129 
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and 191 (214). The use of monoclonal antibodies has local- 
ized the receptor-binding region to the vicinity of residues 
140-150 (215). Studies of apoE mutants of known structure 
have further indicated the importance of residues 142, 145, 
and 146 in mediating receptor binding (216-218); the posi- 
tive charge of arginine 158 also appears to be important in 
maintaining the correct conformation necessary for normal 
binding (219). Examination of the degree of conservation of 
the various repeats in apoE (Table 6) indicates that E-8 
(residues 139-166), which encompasses the receptor-binding 
region, is indeed one of the most highly conserved se- 
quences in apoE. 

ApoB-100 

ApoB-100 is an obligatory constituent of VLDL, IDL, 
and LDL and is the ligand that binds to the LDL receptor. It 
thus plays a central role in cholesterol homeostasis; in fact, 
the plasma concentration of apoB-100 is strongly correlated 
with the development of atherosclerosis (220, 221). The pro- 
tein is unique among the apolipoproteins in its remarkable 
size and in its hydrophobicity and high P-sheet content (65, 
113, 117, 119, 122). As discussed previously, apoB-100 ap- 
pears to contain numerous internal repeated sequences. 
With such a structural organization, one would expect a 
considerable redundancy in apoB-100 structure and a rela- 
tively high rate of evolution. Interestingly, our analysis of 
the rate of nonsynonymous substitution in a substantial 
portion [about 1.2 kilobases (222)] of the apoB-100 gene 
indicates that it is the most conservative of all the apolipo- 
protein genes. The low rate of nonsynonymous substitu- 
tion is all the more remarkable in that the sequence ana- 
lyzed corresponds to residues 595 --t 979, which does not 
overlap the putative receptor binding domains (116, 117, 
122). This observation suggests that the apparent built-in 
redundancy in apoB-100 structure might be important in its 
overall function. It further supports the suggestion that 
apoB is a very ancient gene. An apoB-like protein, Le., an 
LDL protein with an apparent M,. of >250,000 daltons 
and remarkably similar amino acid composition that is in- 
soluble in aqueous media following delipidation, has been 
found in a number of fish species, including members of the 
lowest vertebrates, the hagfish, and the shark (197, 198, 223). 
The very similar properties of fish apoB-100 and human 
apoB-100 are also consistent with a low rate of evolution for 
this protein. However, to confirm whether apoB-100 is truly 
a well-conserved protein, we need additional sequences 
from the rest of the apoB-100 molecule from the rat as well 
as sequences of the protein from other species. 

CONCLUDING REMARKS 

In this review, we have presented our current knowledge 
of the biosynthesis, structure, and evolution of the apolipo- 
protein multigene family. The structure-function relation- 

ships of a number of apolipoproteins have also been exa- 
mined from an evolutionary perspective. We mention below 
a number of problems that need to be explored further. 
First, the exact evolutionary relationship among the vari- 
ous apolipoproteins has to be constantly re-examined and 
updated as more data become available. For example, our 
estimates of the dates of the gene duplication events de- 
picted in Fig. 6 have to be revised as more apolipoprotein 
genes are sequenced. Furthermore, the relationship of apoB 
to the other apolipoproteins is still uncertain, though we 
favor the hypothesis that they share a common ancestor in 
evolution. Additional sequence determinations from other 
animals such as birds and fish will be helpful in this respect. 
There is recent evidence that apoB-48 is the product of an 
intestinal mRNA that has an organ-specific in-frame stop 
codon. The exact mechanism by which the stop codon is 
introduced into the mRNA is currently under investiga- 
tion. Second, we speculated on the evolutionary origin of 
the apoA-I/C-IWA-IV gene cluster in man (27). There is 
new evidence (Karathanasis, S. K., personal communica- 
tion) that a similar relationship among the three apolipo- 
protein genes exists in chicken, a species that branched off 
about 270 Myr ago. This suggests that if indeed there had 
been a DNA transposition, it must have occurred prior to 
the establishment of the avian lineage. Future experiments 
on the structural organization of this gene cluster in more 
primitive animals will be quite informative in this respect. 
Third, we suggested that apoB-100 contains numerous in- 
ternal repeats. One way to see whether this is true or not is 
to have sequence data from a bird species or a fish species. 
As discussed in the last section, additional apoB sequences 
from other species will also be useful in further defining 
the rate of evolution of apoB as a whole and of its various 
subdomains. The structure-function relationships among 
the latter can also be examined. Fourth, our observation 
of a threefold faster rate of evolution in apoC-I11 in the 
rat lineage than in the human and dog lineages has to be 
extended to other apolipoproteins in order to determine 
whether this is a general phenomenon. Fifth, the rate of 
evolution and the structure-function relationships in apoD 
should be studied when sequence data from one or more 
additional species become available. Sixth, our analysis and 
speculation on the structural constraints on the functional 
domains of individual apolipoproteins call for additional 
experiments that will confirm or modify our hypothesis. 
For example, previous experiments indicate the importance 
of the carboxyl-terminal tripeptide in apoC -11 action, 
whereas we observed that at least two of the three residues 
can be changed during evolution. It is quite possible that 
the length rather than the exact amino acid sequence of 
this region of the molecule is important for LPL activa- 
tion. This hypothesis can be tested in vitro. 

With the recent availability of the human apoB-100 se- 
quence, and the numerous unanswered questions in apo- 
lipoprotein structure, function, and evolution, we expect 
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that  the next decade will continue to be a rapidly growing 
one for lipoprotein research. Surely, new questions will arise 
a s  o u r  knowledge increases in  this area. But that is the gist 
of basic a n d  clinical investigation! I 
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