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ABSTRACT Apolipoprotein (apo) A-IV is a 46,000 Mr
protein that is a major component of rat high density lipopro-
teins and chylomicrons. We have isolated, from a rat intestinal
cDNA library, a full-length apo A-IV clone of 1423 base pairs
and determined its nucleotide sequence. The 1173-nucleotide
coding region specifies a protein of 391 amino acids, which
includes a 20-amino acid signal peptide. The portion of the
cDNA sequence representing the mature plasma protein con-
tains a 66-nucleotide subsequence that is repeated at least 13
times. Although each repeated unit shows some sequence vari-
ation, base changes in comparably positioned codons generally
conserve the chemical type, if not the identity, of the corre-
sponding amino acids. Nine of the thirteen 22-amino acid re-
peat units in the derived protein sequence begin with proline
and most of these docosapeptides are predicted to have a high
content of a-helix according to Chou-Fasman rules. When hy-
dration potentials of individual residues are considered, many
of the helices are shown to be amphipathic and may thus con-
stitute lipid-binding domains with the ability to activate leci-
thin:cholesterol acyltransferase. The structure and organiza-
tion of the repeat units of rat apo A-IV bear a striking similar-
ity to a corresponding repeated sequence block in human apo
A-I. This finding raises the possibility of close tandem linkage
of the apo A-I and A-IV genes and suggests unequal crossing-
over as a mechanism for the evolution of these genes.

Apolipoprotein (apo) A-IV is one of the major proteins asso-
ciated with rat chylomicrons and high density lipoproteins
(HDL) (1) and is also a constituent of human and canine chy-
lomicrons (2). Unlike other apolipoproteins, about 50% of
plasma apo A-IV does not appear to be associated with clas-
sical lipoprotein density classes (3, 4). Furthermore, apo A-
IV may undergo extensive redistribution among circulating
lipoproteins and a free pool (4). In this regard, it has been
suggested that the cholesteryl ester content ofHDL may reg-
ulate apo A-IV binding to plasma HDL (5). The metabolic
function of apo A-IV remains unknown.

Processing of the primary translation product of apo A-IV
mRNA differs from the other apo A class proteins, apo A-I
and A-Il. Both of these HDL-associated proteins are initially
synthesized as prepropolypeptides and therefore undergo
both co- and post-translational proteolysis (6-8), whereas
the initial product of apo A-IV translation contains a signal
peptide but not a prosegment (9). Nevertheless, the signal
peptides of rat apo A-I and A-IV have a remarkable degree
of sequence homology (9).

Similarities in the amino acid sequences of the mature
plasma forms of apo A-I, A-Il, C-I and C-Ill have led to the
speculation that all of these proteins evolved from a common
ancestral gene (10). If this hypothesis is true, the apolipopro-
teins would constitute a gene family. Supporting this view is

the recent demonstration that the apo A-I and C-Ill genes
are closely linked in humans (11).
The purpose of the present study was to determine the

structure of apo A-IV with the hope that this information
would provide some insight into the function and evolution
of this protein. Our results demonstrate that apo A-IV has
multiple potential lipid-binding domains and is very closely
related to apo A-I, much more so than any of the other apo-
lipoproteins. We suggest that apo A-IV may be important in
lipid binding and also that this protein may be a significant
activator of lecithin:cholesterol acyltransferase (LCAT).
Furthermore, it is likely that the apo A-IV gene is linked to
the gene for apo A-I.

MATERIALS AND METHODS
Isolation of cDNA Clones. mRNA was prepared from the

proximal small intestine of Sprague-Dawley rats as de-
scribed (6). Intestinal cDNA libraries were constructed ac-
cording to Land et al. (12). Plasmids containing apo A-IV
cDNA were identified by hybridization selection and trans-
lation of the mRNA, followed by immunoprecipitation of the
translation product with specific antibodies (13).
DNA Sequencing. Restriction fragments of two apo A-IV

cDNA clones were subcloned into various M13 vectors as
described in Fig. 1. Single-stranded phage DNAs served as
templates for sequencing by the dideoxy chain-termination
method (14). Recent improvements in gel electrophoresis
technology (15) were implemented for analysis of the se-
quencing reactions with the exception that deoxyadenosine
5'-[a-32P]triphosphate (Amersham) was used instead of
deoxyadenosine 5'-[a-[35S]thio]triphosphate. The large
(Klenow) fragment of Escherichia coli DNA polymerase I
was used in the sequencing reactions, except when it was
necessary to sequence through homopolymer tails. In this
case, reverse transcriptase was used with appropriate alter-
ations in the ratios of deoxy- to dideoxynucleotides (16).
Computer Analysis. A semi-automated sequence gel read-

er was used for data collection. This gel reader and assorted
nucleic acid and protein sequence analysis software were ob-
tained from CompuGene (St. Louis, MO). Additional pro-
grams were supplied by Dean Goddette (Department of Bio-
logical Chemistry, Washington University) and David Lip-
man (17). The latter programs were modified for use on a
VAX 11/780 (Digital Equipment).

RESULTS
Apo A-IV DNA Sequence and Derived Protein Sequence.

Several cloned apo A-IV cDNAs were isolated from our in-
testinal libraries. One of these plasmids, pAIV303 (Fig. 1),
contained a full-length transcript of apo A-IV mRNA that
had been estimated, by RNA transfer blot analysis, to be 1.7

Abbreviations: HDL, high density lipoprotein(s); apo, apolipopro-
tein(s); LCAT, lecithin:cholesterol acyltransferase.
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FIG. 1. Restriction map of apo A-IV cDNA clones and summary
of sequence analysis. The bottom scale is in nucleotides. Initially, a
bank of Pst I fragments from each clone was prepared by subcloning
a total Pst I digest of each plasmid into M13 vector MWB2348 (18).
Sequencing was carried out on recombinant phage DNA derived
from randomly selected plaques and continued until a complete set
of Pst I subclones was identified and sequenced on both strands.
Restriction sites identified in this first round of sequencing were
used to develop maps of both original cDNA clones. Specific frag-
ments of pAIV303 were then subcloned into M13 mplO or mpll and
sequences across all Pst I junctions confirmed by sequencing in the
direction of the arrows.

kilobases in size, including poly(A) (13). Clone pAIV303,
and an independent isolate pAIV314, were sequenced com-
pletely.

Analysis of the nucleotide sequence (Fig. 2) revealed only
one long open reading frame, beginning at a methionine co-
don (nucleotide 1) and ending at the stop codon TGA (nucle-
otide 1174). The cDNA insert also contained 5' and 3' non-
translated regions of 91 and 158 nucleotides, respectively.
The latter region contains the polyadenylylation signal, A-A-
T-A-A-A, beginning at nucleotide 1318.

The derived amino acid sequence contains 391 residues
with a calculated Mr of 44,465. This value is in good agree-
ment with the 46,000 Mr estimated for rat apo A-IV by gel
electrophoresis (1). We had obtained previously (9) partial
amino acid sequences of the signal peptide and the amino
terminus of the mature plasma protein (underlined in Fig. 2).
These data agree with the sequence derived from the cDNA.
Furthermore, the amino acid composition of the derived pro-
tein sequence is in accord with previously published compo-
sitions (1, 2).

Identification and Analysis of Internal Repeats. Inspection
of the rat apo A-IV amino acid sequence revealed an unusu-
ally even distribution of proline residues in the molecule
(marked by asterisks in Fig. 2). When the amino acid se-
quence was arranged in blocks starting, whenever possible,
with proline, an 11.5-cycle, 22-amino acid repeat unit ap-
peared (residues 82-330 in Fig. 3). Residues 33-81 are in-
cluded in Fig. 3 according to the analysis described below.
This repeated sequence block was conspicuous in its corre-
spondence to a 22-amino acid repeated sequence block
found previously to exist in human apo A-I (20, 21). The tan-
demly arrayed docosapeptides in apo A-IV are not exact du-
plications. However, most amino acid substitutions are con-
servative in that they generally lead to replacement of one
residue with another of similar physical-chemical properties.
Of the nonconservative substitutions, about half are replace-
ments by the small, neutral amino acids glycine, serine, and
threonine.
These repeated docosapeptides in apo A-IV were quanti-

tatively characterized by the method of Kubota et al., in
which protein sequence homology can be expressed in terms
of correlation coefficients (22). For each amino acid, a value
is assigned based upon a combination of quantitative physi-
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AAGACAGATGTCACTCAACAGCTCAATACCCTCTTCCAGGACAAACTTGGGAACATTAACACCTATGCCGA TGACCTGCAGAACAAGCTGGTGCCCTTCGCCGTTCAA CTGAGTGGACAT
LysThrAspVal ThrGl nGl nLeuAsnThrLeuPheGl nAspLysLeuGl yAsnI 1eAsnThrTyrA 1aAspAspLeuG InAsnLysLeuVa 1ProPheA 1aVa IG1 nLeuSerGl yHi s
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CTAACCAAGGAAACAGAGAGGGTGAGGGAAGAGATCCAGAAGGAGCTCGAGGACCTACGGGCCAACATGA TGC CC C ATGC C AACAAAGTGAGCCAGATGTTCGGGGACAACGTGCAGAAG
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TTGCAGGAACACCTGAGGCCCTATGCCACGGACCTGCAAGCTCAGATCAACGCA CAGACCCAGGAT ATGAAACGCCAGC TGAC C CCCTA CA TCCAGCGCA TGCAGA CCACAATA CAAGA C
LeuG1nG1uH1 sLouArgProTyrA1aThrAspLeuG1nA1aG1nI1eAsnA1aG1nThrG1nAspMetLysArgGnLeuThrProTyrIIeG1nArgMetG1nThrThrI1eG1nAsp
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GAGCTCCATACCAAAGTCTCCACAAATATCGACCAGCTGCAGAAGAATCTGGCCCCGCTGGTGGAAGATGTGCAAAGCAAGCTGAAAGGCAACACGGAAGGACTGCAGAAGTCTCTGGAA
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GACCTGAACAAGCAGCTGGACCAGCAGGTGGAGGTGTTCCGGCGTGCTGTGGAGCCCCTGGGGGATAAGTTCAACATGGC TCTGGTGCAGCAGATGGAGA AGTTCAGGCAGCAGCTGGGC
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0 end of repeated sequencesA

1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100 1110
TCCGATTCGGGGGACGTGGAAAGCCACTTGAGCTTCCTGGAGAAGAACCTGAGGGAAAAGGTCAGCTCCTTTA TGAGCA CCCTGCAAAAAAAGGGGAGCCCAGA CCAGCCCCTAGCCCTC
Se rAspSerG1yAspVa1G1uSorH1isLouSerPheLeuG1uLysAanLeuArgG 1uLysVa 1Se rSerPheMet SerTnrLeuG 1nLysLysG 1ySe rProAspG 1nProLeuA 1aLeu

1120 1130 1140 1150 1160 1170 1180 1190 1200 1210 1220 1230
CCCCTCCCGGAGCAGGTTCAGGACAGGTCCAGGAGCAGGTGCAGCCCAAACCTCTGGAGAGCTGAGC TGTCCCTGTGTCCTCGGCCCATCACAGCAGCAGACACCTGCCCTGCCCCACC
ProLeuProGluGlnValGlnGluGlnValGlnGluGlnValGlnProLysProLeuGluSer

1240 1250 1260 1270 1280 1290 1300 1310 1320 1330
ACCTGTCTGTCACTCTGTTCCCAAGCACTTCTCGTACCAGCTTGAGGA CACATGTCCTGTGGGTGA CGATACCTCCTCTCGT TA CTCAA TAAAGCATCTGAG
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FIG. 2. Nucleotide sequence of rat apo A-IV cDNA. Portions of the amino acid sequence determined previously (9) are underlined. The
core repeated sequence block, as described in the text, extends from nucleotides 244 to 777. Proline residues in the repeated sequence block are
marked with an asterisk (*).
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FIG. 3. Optimal alignment of 22-amino acid repeat units in rat apo A-IV. Numbers along the left margin are residue numbers for the
preprotein. Gaps have been introduced to optimize homology based on the results in Fig. 4A. Amino acids have been assigned to groups based
on their hydropathy index (19) and charge. Hydrophobic residues (A, alanine; M, methionine; F, phenylalanine; L, leucine; V, valine; I,

isoleucine) have hydropathy indices from 1.8 to 4.5 and are represented by green. Acidic residues (E, glutamic acid; D, aspartic acid) have the
same hydropathy index (-3.5) as their amide derivatives (Q, glutamine; N, asparagine) and all four amino acids are colored red to indicate this
fact. However, since glutamine and asparagine are uncharged, they are represented by circles. The basic amino acids, H, histidine; K, lysine;
and R, arginine, have hydropathy indices of -3.2, -3.9, and -4.5, respectively, and are indicated in blue. G, glycine; T, threonine; and S,
seine have hydropathy indices near zero and are uncolored. Column A8 has been left uncolored since it lacks a predominant type of residue. (A
threonine was used in the consensus sequence for the purpose of the correlation analysis in Fig. 4A.) Also uncolored are residues that are
inconsistent with the predominant type in their column. Tyrosine (Y), despite its aromatic side chain, has a hydropathy index of -1.3, which
places it among the more hydrophilic residues in the Kyte-Doolittle scale (19). Proline (P) is colored yellow to emphasize the regularity of its
ocurrence in the first position of the repeat units as well as its absence from other locations. Portions of the consensus sequence are underlined
to indicate highly conserved regions and also to emphasize the tandem symmetry in adjacent 11-amino acid segments.

cal, chemical, and evolutionary properties such as hydro-
phobicity, a-helical potential, and mutability (22). To apply
this method to apo A-IV, we first aligned the 11 docosapep-
tides that were obvious repeats on visual inspection and de-
rived a 22-amino acid consensus sequence based upon the
most frequent amino acid, or type of amino acid, per column
(Fig. 3). This 22-mer was then used as a comparison se-
quence to study the magnitude and extent of the periodicity
in pre-apo A-IV. The results are displayed in Fig. 4A. To
assess the specificity of the technique, the 20-amino acid sig-
nal peptide of pre-apo A-IV was also used, as a negative con-
trol (Fig. 4B).

It is apparent from Fig. 4A that statistically significant
peaks occur with a period of 22 residues. This periodicity is
rigorously conserved in that portion of the sequence begin-
ning at residue 93 and ending at residue 268. In portions of
the sequence flanking this block, insertions or deletions have
disrupted the harmonic structure. For example, the repeat
units beginning at residues 33 and 269 consist of 27 and 18
amino acids, respectively, rather than 22 (Figs. 3 and 4A). It
is interesting to note that the discontinuity occurring at resi-
due 104 is a displacement of precisely 11 amino acids. This
finding in addition to the occurrence of prominent secondary
oscillations with a period of 11 (Fig. 4A) demonstrate that
each 22-mer is actually a tandem array of two related 11-
mers. The two halves of each of these tandem symmetry
groups are labeled A and B in Fig. 3. Fitch has noted that, for
apo A-I (19), most 11-unit segments are more similar to the
11-unit segment once removed than to the adjacent il-mer.

This is also true for apo A-IV. Fig. 4B demonstrates that the
Kubota method is specific and that the signal sequence of
apo A-IV is unrelated to the repeated docosapeptides.

The human apo A-I sequence has an 11-amino acid inter-
ruption in the basic pattern of 22-amino acid repeat units,
just as apo A-IV does at position 104 (Fig. 3). Because of this
matching pattern, it is possible to assign a one-to-one corre-
spondence for residues 82-259 of pre-apo A-IV (Fig. 3) to
residues 66-243 in the mature plasma form of apo A-I. Thus,
the repeated sequence block of rat apo A-IV is expanded
relative to that of human apo A-I in both the amino- and
carboxyl-terminal directions-that is, there are additional
repeats flanking the core-repeated sequence block in apo A-
IV that are not present in apo A-I. Independent analysis,
based upon optimal alignments (17) of the complete nucleo-
tide sequences, resulted in the same conclusion. In the core-
repeated sequence block (nucleotides 244-777 in Fig. 2), rat
apo A-IV and human apo A-I (23) are 46% homologous at the
DNA sequence level.

Structure and Function Predictions. Amphipathic a-helices
have been implicated as the structures responsible for lipid
binding (24, 25) and, in some cases, LCAT activation (26,
27). Thus, we employed the method of Kubota et al. to
search the apo A-IV sequence for regions of physical-chemi-
cal correlation with several natural and synthetic amphi-
pathic sequences with known abilities to bind phospholipids
(24, 25) and activate LCAT (26). Although all test sequences
were homologous to some degree, homologies of the greatest
magnitude and extent were obtained with a synthetic doco-
sapeptide designed to be an LCAT activator (26). We found
multiple overlapping regions of significant homology (corre-
lation coefficients of 0.4 or greater) that generally corre-
sponded to the repeated sequences as defined in Fig. 3 (data
not shown). Each of these regions was examined in greater
detail as described below.
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FIG. 4. Correlograms for test sequences with pre-apo A-IV.
Numbers above the peaks correspond to the residue numbers in Fig.
3. Numbers in parentheses indicate homologs displaced 11 residues
from the primary oscillation. The small horizontal lines perpendicu-
lar to and intersecting some peaks are spacing marks that occur ev-
ery 5 residues. The horizontal line that intersects the vertical axis at
0.3 represents a level of statistical significance based on the results
of Kubota et al. for several proteins of demonstrated periodicity
(22). (A) Consensus sequence from Fig. 3. (B) apo A-IV signal pep-
tide (see Fig. 1).

Rules for empirical prediction of protein secondary struc-
ture (28) were used to determine if the repeated sequences in
apo A-IV had the potential to form a-helical conformations.
apo A-IV was predicted to have an overall a-helical content
of about 53%, which is in good agreement with results ob-
tained from circular dichroic spectra of the protein (1). Re-
sults for the region spanning residues 181-202, identified as a
potential "LCAT activator" sequence, are presented dia-
grammatically in Fig. 5A. It is evident that this docosapep-
tide has a predominant a-helical potential. That the predict-
ed structure is not entirely a-helix is not of great concern
since it has been demonstrated experimentally that binding
to a phospholipid surface increases the content of a-helix in
lipid-binding proteins and peptides (30).

a-Helices can be examined for amphipathic characteristics
after representation as helical "wheels" (29). The Edmund-
son wheel representation of the docosapeptide in Fig. 5A is
shown in Fig. 5B. (For the sake of clarity, only the first 18
residues, representing five turns of an a-helix, are shown.)
The structure conforms to the definition of amphipathicity
since it has a hydrophobic face (Phe-182, Leu-186, Leu-197,
Phe-190, Ala-183, Met-194) and an acidic face (Glu-195, Glu-
188, Glu-185) separated from the hydrophobic face by basic
residues (Lys-189, Lys-187, Lys-198). The definition of an
amphipathic structure (24) does not specify an axial length
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FIG. 5. Amphipathic helix analysis of the rat apo A-IV docosa-
peptide repeat unit beginning at residue 181 (Figs. 3 and 4A). (A)
Prediction of secondary structure based upon Chou-Fasman (28)
rules. Q., a-Helix;jt, ,3-turn; v, pl-pleated sheet. Each symbol rep-
resents one amino acid residue. Flat lines indicate areas where no
prediction could be made. (B) Edmundson wheel (29) diagram. Side
chain positions along the helix are projected onto a plane. Succes-
sive residues are separated by 1000 of arc yielding 3.6 residues per
turn. (C) Kyte-Doolittle (19) plot of hydropathy values.

for the helix. The average length of an a-helical domain in
globular proteins corresponds to 11 residues or three helix
turns (31). Thus, as McLachlan has pointed out (21), repeat
units of 11 or 22 residues are particularly favorable in helical
domains.
Recent studies (32) have indicated that visualizing helices

as Edmundson wheels may lead to bias in interpreting these
structures as being amphipathic. For this reason, and also
because of the high frequency of asparagine and glutamine
residues where acidic ones usually predominate (Figs. 3 and
SB), we applied the method of Kyte and Doolittle (19) to ana-
lyze such structures quantitatively. In this technique, a hy-
dropathy index is assigned to each amino acid based upon its
free energy of transfer from water to ethanol and also upon
the statistical frequency of its position in proteins of known
crystal structure. When the sequence spanning residues 181-
202 is plotted as a function of hydropathic index (Fig. 5C), a
pattern that alternates regularly between hydrophobicity and
hydrophilicity is clearly evident. Similar alternating patterns
were also observed throughout the entire repeated sequence
domain of the apo A-IV molecule (data not shown).

In the hydropathy scale of Kyte and Doolittle (19), the in-
dex values for aspartate, glutamate, asparagine, and gluta-
mine are identical, all having a value of -3.5. This observa-
tion is very revealing in ternms of the high frequency of aspar-
agine and glutamine residues in charged regions of the repeat
units (Figs. 3 and SB). This suggests that, in terms of struc-
tural constraints on the evolution of these sequences, the
conservation of relative hydrophobicity has been at least as
important as the conservation of charge. It is possible that,
in an amphipathic structure, aspartate and glutamate are
functionally interchangeable with their amide derivatives.

DISCUSSION
The striking similarities between the structures of human
apo A-I and rat apo A-IV have major implications for the
metabolic function of apo A-IV as well as for the structure,
location, and evolution of the apo A-IV gene.

Proc. NatL Acad Sci. USA 81 (1984)
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Human apo A-I is known to contain repeated sequences
(10, 20, 21). An 11-residue periodicity, related to the apo A-I
repeat unit, has also been noted in human apo A-II, C-II, and
C-III by Barker and Dayhoff, who proposed that all four of
these proteins diverged from a single ancestral gene (10).
McLachlan, however, has argued against this view (21) and
his analysis implies that any similarity between apo A-I and
C-Ill is the result of convergent evolution. It should be noted
in this context that the apo A-I and apo C-III genes have
recently been shown to be closely linked in humans (11).
Fitch has proposed that the repeated segments in apo A-I are
the result of a series of intragenic unequal crossovers and
has constructed a phylogeny of the segments based on maxi-
mum parsimony (20).
Our data on rat apo A-IV leave little doubt that apo A-I

and apo A-IV have evolved from divergence of a common
ancestral gene. Although individual residues in the core re-
peated sequence blocks have diverged, the patterns of amino
acids are identical. That the core repeated sequence blocks
are 46% homologous at the nucleotide level is impressive
considering that these are different proteins from different
species. We propose that a common A-I/A-IV precursor
gene arose by intragenic duplication of a 66-nucleotide unit
and that subsequent intergenic duplication created two sepa-
rate genes in which the number of internal repeats became
either reduced or further amplified. This hypothesis would
account for the close correspondence of core repeated se-
quence blocks in proteins of different size. If apo A-I and
apo A-IV are the result of divergence following an unequal
crossover, these genes may be closely linked, in tandem.
The repeated sequences in human apo A-I constitute the
fourth and final exon of the apo A-I gene (23), which raises
the possibility of evolution through exon duplication.

In 1974, Segrest et al. hypothesized that amphipathic (am-
phiphilic) helices are functional domains responsible for lipid
binding (24). Numerous experimental studies have provided
support for this hypothesis (reviewed in ref. 30). For exam-
ple, Sparrow et al. synthesized a series of model amphi-
pathic peptides and demonstrated that the ability to bind
phospholipid depends upon the degree of hydrophobicity of
the nonpolar face (25). We have found multiple regions in the
apo A-IV molecule with the potential to assume amphipathic
helical conformations. However, since a major portion of
circulating apo A-IV is unassociated with lipoprotein parti-
cles, other conformational parameters must contribute to lip-
id binding.

Kaiser, Kezdy, and co-workers have provided evidence
that indicates that the LCAT-activating activity of apo A-I is
a function of its multiple 22-residue amphipathic segments
(26, 27). From studies employing model synthetic docosa-
peptides designed to be prototypic amphipathic a-helices,
they have concluded that the presence of a large enough am-
phipathic structure is necessary and sufficient for LCAT ac-
tivation. However, this conclusion may be unwarranted
since the LCAT-activating activities reported were a fraction
of those achieved with apo A-I and also because apo A-II, C-
II, and C-Ill all have amphipathic segments yet lack signifi-
cant LCAT-activating activity (33). Nevertheless, we sug-
gest that apo A-IV may be an effective activator of LCAT
based upon its striking structural similarity to apo A-I and
the multiplicity of its amphipathic segments that may inter-
act cooperatively (34). If this hypothesis proves to be true,
apo A-IV may represent an alternative pathway for LCAT
activation. Recent studies have provided evidence that the
apo A-IV distribution in rat plasma can be influenced by the
LCAT reaction (5). DeLamatre et al. have shown that apo
A-IV moves from the lipoprotein-free fraction to HDL in as-
sociation with cholesterol esterification (5). Thus, if apo A-
IV is able to participate in the LCAT reaction, it could regu-
late its own binding to lipoprotein particles.
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