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Summary Genetic polymorphisms of apolipoprotein A-IV
(apoA-IV) have been detected by isoelectric focusing of serum
proteins. Because genetic variation in apoA-IV has significant
effects on lipid risk factors, we used restriction enzyme isoform
genotyping (restriction isotyping) to determine apoA-IV isoform
genotypes at the DNA level for a large population (n = 509). In
contrast to isoelectric focusing methods, restriction isotyping
relies on nucleotide differences, enabling unambiguous typing of
known isoforms and detection of new alleles that mimic other
isoforms with shared charge properties. To determine genotypes
for the common A-IV-1 isoform (Gln at aa position 360) and
A-IV-2 isoform (360His), we used a mismatched primer for
polymerase chain reaction (PCR) to introduce a restriction site
(Pvull) that distinguishes each isoform. Using a portion of the
same PCR reaction, we used Hin/l to distinguish isoforms with
Thr at position 347 (347Thr) versus Ser (3478er). In surveys for
these common genotypes, we detected heterozygotes for an
allele with an insertion of 12 bp. Nucleotide sequencing showed
that this allele is identical to the A-IV-0 isoform that inserts a
hydrophilic repeat (Glu GIn Gln Gln) in a conserved region near
the carboxy terminus. In addition, we discovered a new allele
with a 12 bp deletion that removes a repeat (Glu Gln Gln Gln)
from the same region. Nucleotide sequencing showed that this
allele removes an acidic charge relative to A-IV-1, so we have
named this isoform A-IV-2*. This isoform has not been dis-
covered at the protein level, perhaps due to shared charge pro-
perties with A-IV-2 isoforms. —Hixson, J. E., and P, K.
Powers. Restriction isotyping of human apolipoprotein A-IV:
rapid typing of known isoforms and detection of a new isoform
that deletes a conserved repeat. J Lipid Res. 1991. 32:
1529-1535.

Supplementary key words gene amplification * polymerase chain
reaction

Human apolipoprotein A-IV (apoA-IV) is produced by
intestinal epithelial cells and is a protein constituent of
intestinal-derived triglyceride-rich chylomicrons (1). In
plasma, apoA-IV is also found in high density lipopro-
teins (HDL) and as “free” apoA-IV that is not associated
with lipoproteins. While its precise function in lipid meta-
bolism is not yet known, several properties of apoA-IV
suggest an important role in reverse cholesterol metabo-
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lism. ApoA-IV is an activator of lecithin:cholesterol
acyltransferase (LCAT) (2), and may affect activities of
lipoprotein lipase (LPL) (3) by interaction with apoC-iI
(4). In vitro studies have shown that apoA-IV promotes
cholesterol efflux from cultured fibroblasts (5) and adipose
cells (6) via cellular receptors (7).

ApoA-1IV is synthesized with a 20 amino acid signal
peptide that is cotranslationally cleaved to produce a
mature protein consisting mainly of 22 amino acid (aa)
tandem repeats that form amphipathic a-helices (8, 9).
Several charge polymorphisms (isoforms) for apoA-IV
have been detected and subsequently sequenced after
amplification of genomic sequences (10, 11). The two ma-
jor isoforms are A-IV-1 and A-IV-2 (12, 13) withaG o T
nucleotide change that substitutes His for Gln at position
360 (10). Other rare isoforms have been detected inclu-
ding A-IV-0 with an insertion of 4 aa at position 361 and
A-IV-3 with a Glu to Lys substitution at position 230 (11).
In addition, nucleotide sequence comparisons detected an
A to T change that substitutes Ser for Thr at position 347
(14).

Studies of human popuiations have detected significant
effects of the A-IV-2 isoform on lipid risk factors of
atherosclerosis (15, 16). In vitro studies of purified
isoforms indicate that the A-IV-2 isoform has distinct
structural properties associated with higher affinities for
phospholipid surfaces and increased efficiency of LCAT
activation (17). In addition, a recent study has detected
linkage of familial combined hyperlipidemia with a DNA
polymorphism in the apoA-I-C-III-A-IV gene cluster,
perhaps reflecting effects of apoA-IV genotype on this dis-
order (18). We have been motivated by these reports to de-
velop rapid and accurate methods of typing apoA-IV
polymorphisms for large-scale studies of human popula-
tions. We recently described a technique called restriction
isotyping (restriction enzyme isoform genotyping) to dis-
tinguish isoforms at the DNA level (19). In this report, we
describe the use of restriction isotyping to type apoA-IV
isoforms in hepatic DNA from a population-based study
entitled “Pathobiological Determinants of Atherosclerosis
in Youth” (PDAY) (20).

MATERIALS AND METHODS

Extraction of DNA from liver samples

Liver samples were collected at autopsy from male vic-
tims of violent death (accidents, homicide, suicide; 15-34
years of age) as part of the PDAY multicenter study
(n = 509). The tissue samples were immediately frozen
at — 80°C, and shipped on dry ice for further processing.

Abbreviations: apoA-IV, apolipoprotein A-IV; bp, base pairs; HDL,
high density lipoprotein; LCAT, lecithin:cholesterol acyltransferase;
LPL, lipoprotein lipase; aa, amino acid.
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High molecular weight DNA was isolated from human
liver samples using a modification of a simple salting out
procedure (21). Briefly, 0.5 g of minced tissue was
Dounce-homogenized and centrifuged to collect the
nuclear pellet. The pellet was resuspended in 1 ml of lysis
buffer (5% SDS, 50 mM Tris, pH 7.5, 1 mM EDTA, 100
mM NaCl) containing 100 ug/ml proteinase K, and
digested overnight at 55°C. A saturated solution of NaCl
was then added to precipitate the cellular proteins, and
nuclear DNA was precipitated from the supernatant by
addition of ethanol. The DNA was collected, washed with
70% ethanol, lyophilized, and resuspended in 1 ml H,O
for subsequent analyses.

Restriction isotyping of apoA-IV isoforms

ApoA-1IV sequences were amplified from hepatic DNA
samples using PCR (22) and oligonucleotide primers con-
structed from published nucleotide sequences in exon
3 (23, 24). The forward primer used for restriction
isotyping of A-IV-1, A-IV-2, 347Thr, and 347Ser was
F1 (5'-GCCCTGGTGCAGCAGATGGAACAGCTCAGG-
3') and the reverse primer with a mismatch (underlined)
was R1 (5'-CATCTGCACCTGCTCCTGCTGCTGCTC-
CAG-3"). The forward primer used for amplification of
insertion/deletion alleles (A-IV-0 and A-IV-2*) was F2
(5'-CCTGGAGAAGGACCTGAGGGACAAGG-3') and
the reverse primer was R2 (5'-CAGCTCTCCAAAGG-
GGCCAGCATCTGCAC-3"). In addition to the buffer
and nucleotide components described by the supplier of
Tag polymerase (Perkin Elmer Cetus), each amplification
reaction contained 0.5 ug of hepatic DNA, 1 pmol/ul of
each primer 10% dimethyl sulfoxide, and 0.025 units/ul of
Taq polymerase in a final volume of 20 ul. Each reaction
mixture was heated at 95°C for denaturation (5 min), and
subjected to 30 cycles of amplification by primer anneal-
ing (65°C for 1 min), extension (70°C for 2 min), and
denaturation (95°C for 1 min).

After amplification, each PCR reaction was split into
two samples for digestion with restriction enzymes. In one
sample, 5 units of Pvull (Bethesda Research Labora-
tories) were added to distinguish A-IV-1 and A-IV-2
alleles. In the other sample, 5 units of Hinfl (New En-
gland Biolabs) were added to distinguish 347Ser and
347Thr alleles. In both cases, the enzymes were added
directly to each reaction mixture for digestion (>3 h at
37°C). Each reaction mixture was loaded onto 8% polya-
crylamide non-denaturing gels (1 mm thick x 10 cm long)
and electrophoresed for 3 h under constant current (45
mA). After electrophorests, the gel was treated with ethi-
dium bromide (0.2 mg/l) for 10 min and DNA fragments
were visualized by UV illumination. The sizes of restric-
tion fragments were estimated by comparison with Pstl-
digested lambda bacteriophage DNA.
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Asymmetric amplification and direct nucleotide
sequencing of apoA-IV isoforms

Double-stranded PCR reactions were performed as
described above with equimolar amounts of primers F1
and R2 in 100 gl reaction volumes, and the amplified pro-
ducts were eluted from 8% polyacrylamide gels to remove
excess primers and dNTPs. Double-stranded PCR pro-
ducts (50 ng) were used for asymmetric PCR to produce
single-stranded DNA with primer R2 (1 pmol/ul) and
limiting amounts of primer F1 (0.01 pmol/ul) in a total
reaction volume of 100 pul (25). PCR conditions were iden-
tical to those for double-stranded PCR, except the
number of cycles was increased to 35. Prior to sequencing
of single-stranded products, excess primers and dNTPs
were removed by filtration with Centricon-30 microfilters.
Single-stranded products of asymmetric PCR were se-
quenced by the chain termination method with modified
T7 polymerase (US Biochemicals) and [**S]dATP (26).
The internal primer used for sequencing was F2 located
downstream from the limiting primer for asymmetric

PCR (F1).

RESULTS AND DISCUSSION

Restriction isotyping of A-IV-1 and A-IV-2 isoforms
with a mismatched primer

Fig. 1 shows nucleotide sequences for the common
A-IV-1 and A-IV-2 isoforms as recently determined by
Lohse and coworkers (10). Although the nucleotide
changes responsible for the Gin to His substitution alter
cleavage sites for Fnu4HI and Bbvl, these restriction en-
zymes are expensive and cut frequently in apoA-IV se-
quences (27). We have developed an alternate strategy
using restriction isotyping after amplification with a
mismatched primer (28). Fig. 2a shows results of restric-
tion isotyping of the A-IV-1 and A-IV-2 isoforms. Lane A
shows amplification of hepatic DNA using a forward
primer (F1, see Fig. 1) and the mismatched reverse primer
(R1) that produced a 222 bp fragment. Lane B shows
digestion of this PCR product with Pvull that resulted in
a 192 bp cleavage product. This individual was classified
as an A-IV-1/A-IV-1 homozygote bearing both alleles that
are cut with Pvull. Lane C shows results of Pvull diges-
tion of DNA from an A-IV-1/A-IV-2 heterozygote. The
AIV-2 allele was distinguished by the 222 bp fragment
corresponding to the absence of the Pvull site. These
results were confirmed using Fnu4H1 (cuts GCNGC)
which is not affected by the mismatch introduced by
primer R1. Lane E of Fig. 2a shows amplification with
primers F1 and R1 (222 bp fragment), and lane F shows
Fnu4HI digestion of amplified DNA from this
A-IV-1/A-IV-1 homozygote (cleavage product of 190 bp).
Lane G shows Fnu4HI digestion of amplified DNA from
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Ala Leu Val Gln Gln Met Glu Gln Leu Arg Thr
[eCC CTG GTG CAG CAG ATG GAA CAG CTC AGG| ACG
F1

Glu Gly His Leu Ser Phe Leu Glu Lys Asp Leu
GAA GGC CAC TTG AGC T

F2

347
Ser
Thr Phe Lys Glu Lys Glu Ser Gln Asp Lys|Thr
ACC TTC AAG GAG AAA GAG AGC CAG GAC AAG |ACT

T
360 Glu Gln Gln Gln
His
Gln]Glu Gln|Gln]|Gln|--——- ---= —-==~ —-—=]Glu Gln
CAG
T| R1

GAA CAG CAG CAG

Pro Leu Glu Ser End 377
CCT TTG GAG AGC Tda 1131

Lys Leu Gly Pro His Ala Gly Asp Val 316
AAA CTG GGC CCC CAT GCG GGG GAC GTG 948

Arg Asp Lys Val Asn Ser Phe Phe Ser 336
C AAC TCC TTC TTC AGC 1008

Glu Gln Gln 356
GAG CAA CAG 1068

Leu Ser Leu Pro Glu Leu
CTC TCC CTC CCT GAG CTG

Gln Gln|Glu Gln Val GlnjMet Leu Ala 372

GAA caG|caclcrgl--—— --- ——- -—-IGAG CAG CAG _CAGIGAG CAG ETG CAG ATG! CTG GCC 1116

R2

Fig. 1. Sequences of apoA-IV isoforms and PCR primers. Amino acid sequences (numbered from the mature apoA-IV) and nucleotide sequences
(numbered according to aa sequence) are presented for the common A-IV-1 isoform (9). The A to T change for the 347Ser allele, and the G to T
change in codon 360 for the A-IV-2 isoform are aligned and boxed along the sequence. The inserted sequences for apoA-IV-0 are aligned on the
second lines above and below the A-IV-1 sequence. The 12 nucleotide deletion (shown by dashes) for the apoA-IV-2* isoform is aligned on the third
line below the sequence. The amplification primers (F1 and F2, reverse complements of R1 and R2) are shown in brackets, and the mismatched
T (replaces A in the wild-type apoA-IV sequence) in primer R1 is italicized. Vertical lines show the 4 aa hydrophilic repeats (Glu Gln X GIn) in

the carboxy terminus region of apoA-IV.

an A-IV-1/A-IV-2 heterozygote that produced an addi-
tional 199 bp fragment reflecting the absence of the poly-
morphic Fnu4HI site and cleavage at another Fnu4HI
site located in the R1 primer (nucleotide positions
1086-1091, Fig. 1).

To examine the nucleotide substitutions that were de-
tected by restriction isotyping, we used asymmetric PCR
amplification to produce single-stranded DNA templates
for direct nucleotide sequencing (25). Fig. 2b shows se-
quencing gels for an A-TV-1/A-IV-1 homozygote (gel A)
and an A-IV-1/A-IV-2 heterozygote (gel B) that were
previously typed by restriction isotyping. We detected a G
at position 1080 encoding Gln in the A-IV-1/A-IV-1 homo-
zygote, and both G (Gln) and T (His) in the A-IV-1/A-IV-
2 heterozygote.

After development and verification of restriction isotyp-
ing, we determined A-IV-1 and A-IV-2 genotypes for 509
PDAY subjects and used allele counting to determine the
frequencies of each isoform. The frequency of the A-IV-1
isoform was 0.955 and the frequency of the A-IV-2 allele
was 0.034. Relative to results from other studies, these fre-
quencies fall between those for American whites (0.909 for
apoA-IV-1, 0.088 for apoA-IV-2) and blacks (0.961 for

apoA-IV-1, 0.035 for apoA-IV-2) (29), the racial groups
represented in the PDAY study.

Restriction isotyping of 347Ser and 347Thr isoforms
for apoA-IV

Using nucleotide sequencing after PCR amplification,
Boerwinkle, Visvikis, and Chan (14) detected an A to T
polymorphism that results in Thr to Ser substitution at
amino acid position 347 (see Fig. 1). This substitution
does not alter apoA-IV charge properties and has not
been detected by isoelectric focusing methods. Fig. 2c
shows the results of restriction isotyping to distinguish
347Thr and 347Ser isoforms by cleavage with HinfI (cuts
GANTC). For 347Ser/347Ser homozygote (lane A), the
PCR products (222 bp) remained uncut due to the
absence of the Hinfl site. For the 347Thr/347Thr homo-
zygote (lane B), 150 bp fragments were produced from
cleavage by Hinfl. Lane C shows a 347Ser/347Thr
heterozygote with 222 and 150 bp fragments correspond-
ing to the presence of both alleles. The sequencing gels in
Fig. 2b show the A to T nucleotide substitutions that
underlie these isoform genotypes. The frequency of the
347Thr allele was 0.856 in 509 PDAY cases, and the fre-
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Restriction isotyping of apoA-IV isoforms. Panel a shows restriction isotyping of
A-IV-1 and A-IV-2 isoforms. Maps for A-IV-1 and A-IV-2 show the forward primer (F1, open
boxes) and mismatched reverse primer (R1, open boxes with mismatched T) used for PCR
amplification of apoA-IV exon 3 sequences (hatched boxes). The downward arrow above the
A-IV-1 map shows the Pvull and Fnu4H1 sites that distinguish the amino acid substitutions
(filled boxes). Above the maps, a polyacrylamide gel shows results of PCR amplification of
hepatic DNA from an A-IV-1/A-IV-1 homozygote (lane A, 222 bp fragment), Pvull digestion
of the same sample (lane B, 192 bp fragment), and Pvull digestion for an A-IV-1/A-IV-2
heterozygote (lane C, 222 and 192 bp products). These samples were also used for amplifica-
tion (lane E, 222 bp fragment) and cleavage with Fnu4HI. Lane F shows Fnu4HI digestion
for the A-IV-1/A-IV-1 homozygote (190 bp fragment) and lane G shows Fnu4HI digestion for
the A-IV-1/A-IV-2 heterozygote (199 and 190 bp fragments). Lane D shows the Pstl-digested
lambda bacteriophage DNA used as the size standard. Panel b shows direct sequencing of
asymmetric PCR products for two cases with different apoA-IV genotypes. Gel A shows apoA-
1V sequences from an A-IV-1/A-IV-1 homozygote (G at nucleotide position 1080), who is also
a 347Ser/347Thr heterozygote (both A and T at position 1039). Gel B shows an A-IV-1/A-1V-2
heterozygote (both G and T at position 1080), who is a 347 Thr/347Thr homozygote (A at posi-
tion 1039). The cleavage sites for Pvull and HinfI are indicated by brackets, and the T from
the mismatched primer is indicated by an asterisk. Panel ¢ shows restriction isotyping of
347Thr and 347Ser polymorphisms. The downward arrow above the 347 Thr map shows the
HinfT site that distinguishes the amino acid substitutions. Above the maps, a gel shows results
of PCR amplification and HinfI digestion of hepatic DNA from a 347Ser/347Ser homozygote
(lane A, 222 bp fragment), a 347Thr/347Thr homozygote (lane B, 150 bp fragment), and a

347Thr/347Ser heterozygote (lane C, 222 and 150 bp fragments).

quency of the 347Ser allele was 0.144. In 51 unrelated in-
dividuals, Boerwinkle et al. (14) found frequencies of
0.784 and 0.216 for 347Thr and 347Ser, respectively.

Restriction isotyping of A-IV-0 isoforms in PDAY cases

In addition to the common apoA-IV alleles, we also de-
tected heterozygotes for a rare allele with a larger PCR
product. Fig. 3a (lane A) shows results of PCR amplifica-
tion (primers F2 and R2, Fig. 1) from a heterozygote that
possessed the larger allele (177 bp), as well as the normal
allele (165 bp). For comparison, Fig. 3a (lane B) also
shows PCR ampification of an A-IV-1/A-IV-1 homozygote.
To determine the basis for allele size differences, we gel-
purified both sizes of PCR products from a heterozygote
for asymmetric amplification and nucleotide sequencing
(Fig. 3b). The larger allele contained an in-frame 12 bp
insertion encoding Glu Gln Gln Gln between aa positions
361 and 362 in the normal allele. Sequence comparisons
from this and other heterozygotes in the PDAY survey
showed that this allele corresponded to the A-IV-0 isoform
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that contains one additional acidic charge (Glu) relative
to the A-IV-1 allele (11). The frequency of the A-IV-0
isoform as determined by restriction isotyping was 0.010
in 509 PDAY subjects (total of 10 A-IV-0/A-IV-1 heterozy-
gotes) compared to a frequency of 0.002 for a large Dutch
population (30).

Restriction isotyping detects a new allele that deletes
4 aa of apoA-IV

In our survey, we also detected a heterozygote for a rare
allele with a smaller PCR product. Fig. 3a (lane C) shows
the PCR products of this heterozygote that carried the
smaller allele (153 bp) and the normal allele (165 bp). To
determine the basis for this size difference, we gel-purified
both sizes of PCR products from the heterozygote for
asymmetric amplification and nucleotide sequencing.
Fig. 3c shows the sequence of both the normal and smaller
alleles. The smaller allele contained a 12 bp deletion that
does not alter the reading frame, but removes Glu GIn
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Fig. 3. PCR amplification and direct sequencing of A-IV-0 and A-IV-2* insertion/deletion isoforms. Panel a shows amplification products for A-IV-
0, A-IV-1, and A-IV-2* isoforms. Maps for each isoform show the primers (F2 and R2, open boxes) used for PCR amplification of apoA-IV sequences
(hatched boxes). The insertion in A-IV-0 (filled box labeled INS) and the deletion in A-IV-2* (open box with dashed line labeled DEL) are shown
relative to A-IV-1. Above the maps, an ethidium bromide-stained gel shows results of PCR amplification of an A-IV-0/A-IV-1 heterozygote (lane A,
177 and 165 bp fragments), an A-IV-1/A-IV-1 homozygote (lane B, 165 bp fragment), and an A-IV-2*/A-IV-1 heterozygote (lane C, 165 and 153 bp
fragments). Panel b shows direct sequencing of gel-separated A-IV-1 and A-IV-0 alleles from a single individual. The gel on the left shows the sequence
of the gel-purified 165 bp PCR product (A-IV-1 isoform). The gel on the right shows the sequence for the 177 bp PCR product (A-IV-0) from the
same individual. The 12 bp that are inserted in the A-IV-0 isoform are shown adjacent to the gel on the right. Panel ¢ shows direct sequencing of
gel-separated A-IV-1 and A-IV-2* alleles from a single individual. The gel on the left shows the sequence for the gel purified 165 bp PCR product
(A-IV-1). The gel on the right shows the sequence for the 153 bp PCR product (A-IV-2*) from the same individual. The 12 bp that are deleted from

the A-IV-2* isoform are shown adjacent to the gel on the left (A-IV-1).

GIn GlIn relative to A-IV-1 (positions 362-365, Fig. 1).
This deletion removes one acidic charge (Glu) from the
A-IV-1 isoform, resulting in a more basic protein. Because
this charge difference corresponds to the more basic
apoA-IV-2 isoform, we have called this deletion allele
apoA-IV-2*. Thus far in our PDAY survey of 509 cases,
we have detected one heterozygote giving an allele fre-
quency of 0.001 for this new apoA-IV-2* allele. Because
this and other isoforms (e.g., 347 Ser) may not possess dis-
tinct charge properties, apoA-IV may be more polymor-
phic than previously believed based on results of
isoelectric focusing surveys.

Size variation in human apoA-IV coding sequences

In addition to the amphipathic 22 aa repeats that span
apoA-IV, comparisons of sequences from human (8), rat
(31), and mouse (32) revealed a small region of highly
conserved hydrophilic repeats (Glu Gln X GlIn) at the car-
boxy terminus of apoA-IV. This sequence is repeated four
times in human and mouse apoA-IV, and three times in
the rat. Nucleotide sequencing of apoA-IV isoforms has
shown that differences in repeat numbers also occur
within human populations. The A-IV-0 allele adds 12
nucleotides that encode an additional hydrophilic repeat
(Figs. 3a and 3b). The insertion is a duplication of repeat
number 2 (Fig. 1, aa positions 358-361), resulting in a
total of five repeats in the A-IV-0 allele (11). The A-IV-2*
allele deletes 12 nucleotides (Figs. 3a and 3c) that encode
the third hydrophilic repeat (Fig. 1, aa positions 362-365)

Journal of Lipid Research

in the A-IV-1 sequence, resulting in a total of three
repeats. Although strong conservation between species in-
dicates a functional role for these repeats, we do not yet
know the physiological effects of these insertion/deletion
alleles. However, detection of these alleles demonstrates
how restriction isotyping can facilitate genetic analysis by
identification of “natural” mutations for future studies of
apoA-IV structure and function B
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