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Summary

We report the identification of an A-to-G base change, in exon 29 of the apolipoprotein B (apo B) gene, that
results in the substitution of serine for asparagine at residue 4311 of mature apo B100. In a recent publica-
tion, Huang et al. have reported a C-to-T base change in exon 26 that causes the substitution of leucine for
proline at residue 2712 of apo B. We have found complete linkage disequilibrium between the alleles at
both these sites and an immunochemical polymorphism of LDL designated antigen group (x/y) (Ag(x/y)) in
a sample of 118 Finnish individuals. This implies that either one of these substitutions-or both of them
combined-could be the molecular basis of the Ag(x/y) antigenic determinants, with the allele encoding
serine4311 plus leucine2712 representing the Ag(x) epitope, and that encoding asparagine4311 plus proline2712
the Ag(y) epitope. In a sample of 90 healthy Swedish individuals the Leu2712/Ser431, allele is associated both
with reduced serum levels of LDL-cholesterol and apo B and with raised levels of HDL. However, these
differences are of smaller effect than those associated with the XbaI RFLP of the apo B gene in this sample.
We have also genotyped 523 individuals from European, Asian, Chinese, and Afro-Caribbean populations
and have found complete association between the sites encoding residues 2712 and 4311 in all of these samples,
although there are large allele frequency differences between these populations. In addition, there is strong
linkage disequilibrium with allelic association between the alleles of these sites and those of the XbaI RFLP
in all the populations examined. Taken together, these data suggest that, since the divergence of the major
ethnic groups, there has been little or no recombination in the 3' end of the human apo B gene.
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plasma. Since elevated plasma levels of LDL-
cholesterol are one of the recognized risk factors for
the development of coronary artery disease (CAD)
(Whayne et al. 1981; Durrington et al. 1986), the
identification of the factors that determine plasma
LDL-cholesterol levels are of major public health im-
portance. Twin studies and path analysis have demon-
strated that genetic variation has a significant impact
on both plasma levels of apo B and LDL-cholesterol,
with a heritability of .5-.6 (Hamsten et al. 1986a;
Berg 1987). Family studies using complex segregation
analysis have found evidence for the plasma levels of
apo B being determined by a major gene with contribu-
tions from environmental factors and genes of small
or intermediate effect (Hasstedt et al. 1987; Pairitz et
al. 1988).

Protein polymorphisms of apo B were first noted as
the antigen-group (Ag) system of variants, detected
using antisera from multiply transfused patients (Alli-
son and Blumberg 1961). There are five reported pairs
of epitopes, each pair representing alleles of the apo
B gene; these are Ag(ai/d), Ag(c/g), Ag(h/i), Ag(t/z),
and Ag(x/y) (reviewed in Breguet et al. 1990). Berg et
al. (1976), using the combined data from 10 different
populations, reported that one of the epitopes of this
system, the Ag(x - ) (equivalent to Ag(y) ), is associ-
ated with raised serum cholesterol and triglyceride lev-
els. Since the cloning of the human apo B gene (Black-
hart et al. 1986), nucleotide substitutions have been
reported as candidates for the molecular bases of all
the Ag epitopes (Ma et al. 1987, 1989; Dunning et al.
1988; Wang et al. 1988; Young and Hubl 1989; Xu
et al. 1989; Wu et al. 1991).
An RFLP of the apo B gene, detected by the enzyme

XbaI, has been documented by numerous groups to
be associated with differences in serum cholesterol and
apo B levels, with the presence of the cutting site (the
X + allele) being associated with raised levels (Berg
et al. 1986; Law et al. 1986; Talmud et al. 1987;
Aalto-Setala et al. 1989; Paulweber et al. 1990). In
addition, the same allele has been found to be associ-
ated with reduced fractional catabolic rate (FCR) of
LDL (Demant et al. 1988; Houlston et al. 1988).
However, the XbaI RFLP cannot be the direct cause
of the effects seen, since the base change that creates
the variant XbaI site is in the third base (wobble posi-
tion) ofcodon 2488 and so does not alter the threonine
residue at this position (Carlsson et al. 1986). The
alleles of this RFLP must be in linkage disequilibrium
with another base change that does have a functional
effect leading to the reported differences in lipid pa-

rameters. The present study set out to identify com-
mon base changes, in linkage disequilibrium with the
alleles of the XbaI site, that alter apo B structure and
thus may be the cause of the associations seen.

Subjects and Methods

I. Subjects

a. British. -These subjects were two groups of unre-
lated hyperlipidemic individuals on whom FCR of
LDL studies have been performed. FCR results and
the apo B genotyping of the 17 individuals from Glas-
gow and of 22 individuals from Sheffield have been
described elsewhere (Demant et al. 1988; Houlston et
al. 1988).

b. North Karelia, Finnish. -This group comprised 89
unrelated men and women, with no history of hyper-
lipidemia, from a rural community in North Karelia,
Finland. This population has been very stable for sev-
eral hundred years, with no influence of Swedish-
speaking individuals. They have been described in de-
tail elsewhere (Ehnholm et al. 1982, 1984; Kuusi et
al. 1985). Ag phenotyping and apo B RFLP genotyp-
ing have also been described elsewhere (Tikkanen et
al. 1989; Xu et al. 1989).

c. Other Finnish.-A second group ofAg phenotyped,
unrelated Finnish individuals was also examined. Phe-
notyping and apo B genotyping have been described
by Dunning et al. (1988).

d. Swedish. -This group comprised 95 randomly se-
lected, healthy male residents of Stockholm county.
Data on lipid, lipoprotein, apoprotein, hemostatic,
and metabolic variables have been presented else-
where (Hamsten et al. 1986b, 1987). Individuals with
serum cholesterol levels >9.5 mM and/or triglyceride
levels >3.0mM were excluded from the lipid and lipo-
protein analyses. Age and body mass index (BMI) ac-
counted, respectively, for 11.5% and 7.6% of the
variance in serum HDL-cholesterol and triglyceride
levels in this group.

e. Chinese. -This group comprised 83 healthy Chi-
nese males, mean age 36 years, living in Singapore. A
detailed description of this sample is presented else-
where (Saha et al., submitted).

f. Afro-Caribbeans. -This group comprised 47 indi-
viduals aged 45-74 years (mean age 55 years), with
at least three grandparents of Afro-Caribbean origin,
drawn from family-practitioner registers in two
Northwest London health centers. This sample has
been described in detail elsewhere (Miller 1989).
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g. Asians. -This group was a random subset of 152
men drawn from a sample of 1,433 south Asian men
aged 40-65 years and living in the west of London
who have been investigated for CHD risk factors. The
original sample was assembled from four factories and
from lists of general practitioners in west London. Of
these men, 89% were Pujabi Sikhs, and the rest were
evenly divided between Gujarati and Punjabi Hindus
(McKeigue et al. 1991).

Apes. -DNA from four unrelated chimpanzees, four
unrelated gorillas, and two orangutans was also inves-
tigated.

2. DNA Isolation and Southern Blot Analysis

These procedures were performed using standard
techniques described elsewhere (Talmud et al. 1987).

3. PCR

Regions of the apo B gene were amplified by PCR
(Saiki et al. 1988). The sequences of the oligonucleo-
tide amplimers used, as well as their arrangements,
are shown in figures 1 and 3. Oligonucleotides were
obtained from Severn Biotech Ltd., Kidderminster,
UK. The PCR reactions were performed in an auto-
mated thermal cycler (Cambio, Cambridge) by using
Thermus aquaticus DNA polymerase (Perkin Elmer
Cetus, Norwalk, CT) in the manufacturer's recom-
mended buffer. After both initial denaturing of the
DNA at 95IC for 5 min and annealing of the primers
(550C, 3 min), the program used was 50 cycles of
720C for 3 min, 950C for 1 min, and 550C for 1 min.
DNA generated by the PCR reactions was purified by
Geneclean (BiolOl, La Jolla, CA) according to the
manufacturer's instructions and was eluted into TE
buffer to give a DNA concentration of 50-100 ng/±l.

4. Chemical Mismatch Cleavage Analysis
Base differences in target DNA were initially de-

tected by a modification of the Cotton et al. (1988)
technique, described by Montandon et al. (1989). The
exact procedure followed is described by Dunning et
al. (1991).

5. Direct Sequencing
PCR was performed, and the products were purified

as described above. Approximately 100 ng of purified
product was annealed to a 30-fold molar excess of
oligonucleotide primer, internal to the PCR primers
(Severn Biotech, Kinderminster, UK) and was se-
quenced as described by King-Underwood et al.
(1991).

6. Blotting and Hybridization to Allele-specific
Oligonucleotides (ASOs)

PCRs were performed as described above but were
not purified. Oligonucleotides (Severn Biotech) used
as PCR primers, along with ASOs, are listed in figures
1 and 3. ASOs were labeled, at the 5' end, with T4
polynucleotide kinase (BRL, Paisley, UK) and with
[y_32p] ATP (Amersham, Amersham, UK) to a specific
activity of approximately 0.1 gCi/pmol (Maniatis et
al. 1982). Initially, slot blotting was performed by
applying one-fiftieth of each PCR reaction to nylon
filters (Hybond-N; Amersham, Amersham, UK) by
using a slot-blotting manifold (Schleicher & Schuell,
Dossel, Germany), but later one-tenth of the PCR was
run on 1.2% agarose gels, was denatured in 1.5 M
NaCl/0.5 M NaOH, and then was double-blotted
between two pieces of nylon membrane (Biodyne A,
Pall Processing Ltd, Portsmouth, UK), by using the
denaturing solution as the transfer buffer. DNA was
bound to the filters by baking at 80°C for 2 h. Filters
were hybridized for 3 h in 5 x SSPE/0.5% SDS/5 x
Denhardt's solution, with one or other of the ASOs,
at 330C and then was washed in 5 x SSPE /0.1% SDS
for 10 min at the melting temperature of the ASO.
Autoradiography was for 2-16 h.

7. Computer Estimation of Effects of
Amino Acid Substitutions
The protein secondary structure was modeled using

the Predict suite of 10 secondary structure prediction
programs (Department of Biophysics, University of
Leeds). Secondary structure predicted by this program
is approximately 60% reliable. Segments of amino
acid sequence extending 250 residues either side of
the polymorphic sites were analyzed. Hydrophobicity
profiles were generated for the same segments by using
the Pc-Prot + (Protein Analysis) Program (1990 ver-
sion) and by calculating the mean hydrophobic mo-
ment (4H) and mean hydrophobicity (Hi), using a
seven-residue window, according to the procedure of
Eisenberg (1984). .H was then plotted against Hi for
segments extending 15 amino acid residues either side
of the relevant substitution sites (Rosseneu et al.
1990).

8. Statistical Methods
The gene-counting method was used for the estima-

tionr of gene frequencies. x2 Analysis was used for
the estimation of Hardy-Weinberg equilibrium. Be-
tween-sample differences in apo B genotype distribu-
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tion were determined by x2 analysis. Association be-
tween genotypes at the polymorphic loci was also
estimated by x2 analysis. We considered statistical sig-
nificance to be at the .05 level. The strength of associa-
tions was estimated by the correlation coefficient A
(Chakravarti et al. 1984). For each lipid trait, multiple
linear regression was used to adjust for age, gender,
and BMI. The skewness of triglyceride distribution
was adjusted by loge transformation. For each ad-
justed variable, a one-way analysis of variance was
performed to test the null hypothesis that phenotypic
variation is not associated with genetic variation at the
apo B locus. The percentage of variance (R2 x 100)
explained by apo B genotypes was estimated by non-
linear regression.

Results

The chemical cleavage mismatch analysis technique
was used to screen amplified DNA at bases 12326-
13379 in exon 29 of the apo B gene from nine hyperlip-
idemic British patients. Seven of these patients (1-7 in
fig. 1) are homozygous for the presence of the apo B
XbaI cutting site and have been shown to have reduced
FCR of LDL when compared with a similar group
of patients homozygous for the absence of the XbaI
cutting site (Demant et al. 1988; Houlston et al. 1988;
Dunning et al. 1991) . Patient 8 has been demonstrated
to have LDL with a reduced affinity for a normal LDL
receptor in an in vitro cell-binding assay (Frostegard
et al. 1990; Dunning et al. 1991), and he is heterozy-
gous for the XbaI RFLP. The sequence of the DNA
amplified from these eight patients was compared with
that from the probe DNA amplified from a subject
homozygous for the absence of the XbaI site and with
increased FCR of LDL as demonstrated in the study
by Demant et al. (1988). The aim of the present experi-
ment was to find a base change common to the X +
alleles- but not present in the X - alleles- that may
be the cause of the differences, in both LDL-cholesterol
levels and FCR of LDL, seen associated with the pres-
ence or absence of the XbaI cutting site. The exon
29 region examined by chemical cleavage mismatch
analysis was covered in two overlapping PCR frag-
ments (fig. 1, top).

In the analysis of the second PCR fragment, a novel
230-bp band was seen in the hydroxylamine tracks of
all the samples (fig. 1, bottom). However, this band
was present at reduced intensity in the probe sample
and in the DNA from patient 8, suggesting that these
two subjects were heterozygous for the base change

while the others were homozygous. Direct sequencing
was performed on the amplified DNA from these pa-
tients, and it was determined that the base change
occurring is an A-to-G at nucleotide 13141 (fig. 2).
This results in a serine-for-asparagine substitution at
residue 4311 of the mature apo B100 protein.
The presence of this A-to-G base change in two

of nine subjects suggested that this was a common
variant, and thus a sample of unrelated individuals
were genotyped to estimate the frequency of this poly-
morphism. The North Karelia and Finnish samples
combined (together totaling 119 unrelated Finnish
subjects) were genotyped for this base change by using
ASOs (fig. 3, top) These subjects had previously been
phenotyped for each of the Ag types (Dunning et al.
1988; Tikkanen et al. 1989; Xu et al. 1989). In this
sample, the frequency of Asn4311 was found to be .79
(table 1), and the distribution of genotypes was in
Hardy-Weinberg equilibrium. In addition, when ge-
notype and phenotype data were compared, complete
association was found between and Asn43 1-- Ag(x/y)
Ser, with the asparagine-encoding allele correspond-
ing to Ag(y) and the serine-encoding allele to Ag(x).
Huang et al. (1990) have reported another polymor-

phism, in exon 26 of the apo B gene, which generates
a substitution of leucine for proline at residue 2712 of
the mature protein. Since this amino acid change may
have a functional effect on apo B, we examined this
polymorphism in the same sample of Finnish individu-
als (fig. 3, bottom). Complete association was also
found between this polymorphism and Ag(x/y), with
Ag(y) corresponding to Pro2712 and Asn4311 and Ag(x)
with Leu2712 and Ser4311. This unexpected finding indi-
cates that either one or both of these loci may form the
epitope detected as Ag(x/y).

Since there was complete allelic association between
these three polymorphisms in this sample of Finnish
individuals, it was decided to investigate this further
by determining the genotypes at these sites in samples
from other ethnic groups. These included individuals
of Swedish, British, Asian, Chinese, and Afro-Carib-
bean origin (tables 1 and 2). Complete association was
found between the alleles encoding these two sites in
all of the individuals investigated (523 total). How-
ever, the allele frequency of Pro2712/Asn4311 /Ag(y) var-
ied from .89 in the Afro-Caribbean sample to .24 in
the Chinese (table 1). Our estimations of the allele
frequencies at residues 2712 and 4311 are in agree-
ment with those observed for the Ag(x/y) polymor-
phism in similar ethnic groups (Breguet et al. 1990).
Subsequently, Rapacz et al. (1991) have reported that
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A

Exon 29 12326

a # - -

c #ON

_nd

Ampliprs: -

a GCTAACCTCTCTSAAAGACAACG
b 6SAAGATTACGTASCACCTCT6Te'
c eCAGGAACT6TTGACTCA66AAG6CCAAGCC'
d 5 ACAACTAACAGSTTCTTGATCAGACTGAt

probe 1 2 3 4 5 6
H OIH OIH OIH OIH OIH qH

A
Hydroxylamine cleavage
- mismatched C

7 8 i 2
i OIH OIH OIH

- BOObp
PCR product

- 230 bp
cleavage product
(mismatched C)

Figure I Chemical cleavage mismatch analysis in exon 29 ofApo B Gene. Top, Partial map showing gene region covered. Nucleotide
numbers are given along the top. Overlapping PCR products used in the analysis are depicted below. Positions of amplimers are represented
by arrows, and their sequences are shown as a, b, c, and d. Positions of 5' end-labeling with 32P are denoted by pound symbols (#). Bottom,
Autoradiograph showing results of analysis. DNA samples 1-8 and probe (the "probe" DNA sample was hybridized against itself as a

negative control) are presented (samples 1 and 2 are shown twice). In each case the hydroxylamine reaction track (H) is on the left, and
the osmium tetroxide reaction (0) is on the right. The 800-bp uncleaved PCR product is visible at the top of the photograph, with the
230-bp hydroxylamine cleavage product beneath. The samples yielding reduced intensity bands (i.e., heterozygous for the base change)
are marked by asterisks (*).

the Ag(x/y) protein polymorphism was not apparent
in 20 chimpanzees and eight gorillas that they investi-
gated, all of which were homozygous for the Ag(y)
epitope. Using the identical system that we developed

for the human apo B gene, we have genotyped the
DNA from four chimpanzees, four gorillas, and two
orangutans. Each of these animals was homozygous
for proline and asparagine at the apo B residues corre-

EcoaI
12669 13379

B
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AC G T ACG TIACG T
T 13145

A Asp
G 4312

A/G Asn / Ser
A 4311

T Phe
T13137 4310

Ser/Ser Asn/Asn Asn/Ser
Figure 2 Direct sequencing of DNA amplified across mismatch. Nucleotides 13137-13145 (encoding amino acids 4310-4312) are

shown for four DNA samples. The first four tracks show sequenced DNA from an individual homozygous for G at nucleotide 13141
encoding Ser. The second four tracks are from an individual homozygous for A encoding Asn, and the final tracks show DNA from an

individual heterozygous for the base difference.

sponding to human residues 2712 and 4311, respec-

tively; this would be compatible with these animals
also being homozygous for Ag(y).

In order to try to elucidate what, if any, functional
effect the Pro2712Leu and Asn431,,Ser substitution
may have, an attempt was made to determine the sec-

ondary structures of the polymorphisms of apo B by
using the amino acid sequence data of the relevant
portions of the protein. This was done by using both
the output of the Predict secondary-structure pre-

diction program and hydrophobicity profiles. The
Pro2712-Leu substitution appears to be in a very short
helical section within a hydrophobic region of the pro-
tein generally comprising 1-sheet and 1-turn (fig. 4),
and it is predicted that the presence of proline at this
site would disturb the helical structure but would not

significantly affect the hydrophobicity of the region.
The Asn4311-"Ser change appears to occur in a short
joining region between two long amphipathic helices
(fig. 4), indicating that it is likely to be exposed on the
surface of the LDL particle; however, it would not

seem to have a major effect on the secondary structure.
In order to determine whether the polymorphisms

at residues 2712 and 4311 are the cause of the differ-
ences in lipid and lipoprotein levels seen in association
with the XbaI RFLP of apo B, we investigated the
association between these loci and the XbaI site in the
Finnish, Swedish, British, Asian, and Chinese samples
and found strong linkage disequilibrium (A = .57,
P < .001). Moreover, all the unambiguously deter-
mined Ag(x)/Leu2712/Ser43i1 alleles are associated with
the X - allele, although the Ag(y)/Pro2712/Asn4311 al-

Table I

Genotype Distribution and Relative Allele Frequencies in Population Samples

Pro2712- Leu Asn431,1Ser FREQUENCY OF

POPULATION (N) PP PL LL NN NS Ss Pro2712/Asn4311

Finnish (118) ............... 65 44 9 65 44 9 .74
British (37) ................. 21 133 21 13 3 .74
Swedish Controls (186)... 58 23 5 58 23 5 .81
Asians (152) ................ 44 70 38 44 70 38 .52
Chinese (82) ................ 7 34 41 7 34 41 .29
Afro-Caribbeans (47) ..... 37 10 0 37 10 0 .89
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A

Exon: XbaI

C >T
Thr
2488

C >T
Pro > Leu

2712

26 Ag (h/I) 27 28

MSpI

6 >A
Arg > Gin

3500

IK
_ -

6 >A
Arg > Bin

3611

Ag (t/Z) 29
EcoRI

6 >A A>G

Lys >Glu Asn >Ser
4154 4311

600bp f

SO0bp

B

1 2 3 4 5 6 7 8 9 p011
Pro

2712

Leu
2712

Asn
4311

Ser
43i1

Figure 3 Allele-specific oligonucleotide melting to detect Pro2712-bLeu and Asn4311--Ser. Top, Map ofexons 26-29, showing positions
of single base changes and amino acid substitutions that they create. Where the changes also generate RFLPs and antigen group (Ag)
polymorphisms, these are shown along the top. The positions of the PCRs used to detect the base changes are shown below. The sequences

of amplimers c and d are given in fig. 1 a. The sequences, 5' to 3', of the other amplimers are as follows: e-ATCATCAGAACCATTGACCA-
GATGCTGAAAC; and f-TGACAATCACTCCATTACTAAGCTCCAGTG. The sequences, i' to 3', of the ASOs are as follows: Pro-
CACATACCAGAATTC; Leu-GAATTCTAGTATGTG; Asn-AATCTTCAATGATTATA; and Ser-TATAATCACTGAAGATT.
Bottom, Autoradiograph showing example of results obtained. Quadruplicate blots of amplified DNA from 11 individuals are shown. These
are hybridized to the ASOs recognizing the alleles for (from top to bottom) Pro2712, Leu2712, Asn4311, Ser431l. Sample 1 is an illustration of
DNA from an individual heterozygous at both sites; sample 2 is from one homozygous for Leu2712/Ser4311; and sample 3 is from one

homozygous for Pro2712/Asn4311.

leles are found unequivocally on both the X + and
X - alleles (table 3).
The effects that these different alleles have on the

lipid, lipoprotein, and apolipoprotein parameters
were compared in a sample of healthy Swedish individ-
uals (tables 4 and 5). The XbaI RFLP accounts for as

much as 9.1% of the phenotypic variance in serum

LDL-cholesterol levels (P< .05; table 4) and for 8.9%
of the variance in serum apo B levels, although this
value does not reach statistical significance. In each

case, the X - allele is associated with reduced mean

levels of both LDL-cholesterol and apo B (table 5). By
contrast, the Pro2712-Leu/Asn431 1--Ser polymor-
phisms explain less of the variance seen in LDL-
cholesterol and apo B levels-i.e., only 1.1% and
2.8%, respectively (table 4)-although in each case

there is also a trend for the Leu272/Ser43ll allele to be
associated with reduced mean levels (table 5). The
polymorphisms at residues 2712 and 4311 do, how-
ever, explain a significant percentage of the variance

PCRs: e C _ND.

BOObp
o

d
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Table 2

215

Table 3

Complete Association between Pro2712 Leu,
Asn431 -Ser, and Ag(x/y)

Ag(x/y)

SAMPLE XX XY yy

Individuals from Finland:
Pro2712 Leu:
LL ................... 9

LP .44
PP 66

Total 119
Asn43' l-Ser:

SS .................... 9
SN .44
NN 66

Total 119

Asn431 l- Ser

SS SN NN

Combined ethnic groups:
Pro2712 Leu:
LL ................... 96

PL..194
PP 233

Total 523

Linkage Disequilibrium with Allelic Association
between Xbal RFLP, Pro272,-Leu, and
Asn431 1-Ser in 420 Individuals from
Different Populations

XbaI

X-X- X-X+ X+X+

(SL) ........ 65 0 0
(SP) ........ 86 76 0
(NP)............. 26 93 74

NOTE.-A = .57; P < .001.

(9.0% , P < .05; table 4) seen in serum HDL-choles-
terol levels. In this instance the Leu2712/Ser4311 allele is
associated with raised mean HDL-cholesterol levels
(table 5).

Discussion

Our findings demonstrate complete allelic associa-
tion between Ag(x/y) and polymorphism at sites en-
coding apo B residues 2712 and 4311 in the sample

2 hydrogen bonds
possibl

Asn
4311

e

e -%If AQUEOUS

LIPID

Ser 1 hydrogen bond possible
4311

_zy<D_ AQUEOUS

LIPID

AQUEOUS

~~~~L I P >~~IP

Leu ..
2712

Figure 4 Cartoon representations of models of possible apo B structure in regions of amino acid substitutions. The phospholipid
membrane of the LDL particle is represented by the thicker-lined arcs. Potential helical regions are denoted by cylinders, and likely 3-sheet/
S-turn regions are denoted by parallelograms. (Cartoons are not drawn to scale.) @2, Residue 4311. This residue probably lies in a short
hydrophillic region between two longer amphipathic helices. The Asn- Ser change does not appear to alter the secondary structure; however,
Asn could partake in the formation of two hydrogen bonds, and Ser could partake in only one during the formation of any tertiary structure.

XI, Residue 2712. This residue is in a hydrophobic region generally consisting of potential 1-sheet and 1-turn; however, residue 2712 lies
within a short helix which appears to be broken by the presence of Pro at this site but which is sustained by Leu.

AQUEOUS

Pro
2712
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Table 4

Percentage of Variance (R2 x 100) Explained by
Xbal and Pro2712-Leu/Asn431 1-Ser Genotypes in 86
Swedish Individuals

Pro2712-Leu and
XbaI Asn431i-*Ser

Total cholesterol .............. 5.4 1.5
Total triglyceride ............. 1.5 1.1
LDL cholesterol ............... 9.1 *1.1
HDL cholesterol .............. 6.39.0*
HDL/LDL cholesterol ...... 8.6* 7.8*
Apo B ....................... 8.9 2.8
Apo Al ....................... 2.2 1.8

* P < .05.

from Finland. Thus the epitopes recognized as Ag(x/
y) could be generated by a single amino acid substitu-
tion at either residue 2712 or residue 4311. Alterna-
tively, if both these residues are involved in the forma-
tion of the tertiary structure in the apo B protein, they
may interact to form one epitope, with Ag(x) con-
sisting of Leu272 plus Ser431l and Ag(y) of Pro2712 plus
Asn4311. Since there is little, if any, evidence of recom-
bination in this region of the apo B gene, it is also
possible that neither of these residues forms the epi-
tope but that another, as yet undefined amino acid
substitution, in complete linkage disequilibrium with
these alleles, may create the Ag(x/y) epitopes. Re-
cently, Wu et al. (1991) have published an association
study, using 18 individuals protein phenotyped for the
Ag polymorphisms, in which they conclude that the
Pro2712,Leu substitution is "responsible for the Ag(x/
y) polymorphism." While our studies confirm that the
alleles encoding residue 2712 are in complete allelic
association with those encoding the Ag(x/y) epitopes,

our findings demonstrate that such a conclusion may
be unwarranted because the correlation seen between
residue 2712 and Ag(x/y) is not proof of causation.
The same caution must also be applied to the molecu-
lar bases of the other Ag polymorphisms, which have
also been deduced from association studies. Investiga-
tions using in vitro expression of constructs with com-
binations of the amino acid variants together with an-

tibodies which detect the different Ag epitopes are

required to test which apo B residues actually form the
Ag epitopes.
The secondary-structure protein modeling pre-

sented is inherently speculative but does give some

indication as to which of the amino acid substitutions
described here could be the molecular basis of the
Ag(x/y) antigenic determinants. Pro2712 is within one

of the hydrophobic "proline-rich" consensus sequences

postulated to be able to penetrate the lipid of the LDL
particle (DeLoof et al. 1987b) and is thus unlikely to
be exposed on the surface of the LDL particle. DeLoof
et al. (1987b) place Pro2712 as the ninth residue of
a 25-residue consensus motif that occurs eight times
within apo B100 (given in one-letter code, this consen-
sus motif is FQVPDLHIPEFQLPHISHTIEVPTF). It
is notable that in six of these eight motifs proline is
conserved as the ninth residue and that in the other
two it is replaced once by asparagine and once also by
leucine, which indicates that the Pro--Leu change may
be conservative within such a lipid-binding region.
The Asn431,,Ser change is also not predicted to have
a major effect on apo B conformation, unless this resi-
due is involved in hydrogen bonding, in which case

Asn could participate in the formation of two bonds
and Ser in only one. Residue 4311 occurs within a

short joining region between two long amphipathic
helices (fig. 4), and such helices are thought to have

Table 5

Comparison of Mean + SE Serum Levels of Cholesterol and apo B by Genotype for Xbal RFLP and
Pro2712-Leu/Asn431,,Ser Polymorphism in 83 Swedish Individuals

Pro2712 LeU AND

XbaI Asn4311 *Ser

X-X- X-X+ X+X+ (LS) (LN) (PN)

No. of individuals .................. 1739 27 4 23 56
LDL cholesterol (mmol/liter) .... 3.57* ± .65 3.88 ± .83 4.25 ± .90 3.77 ± .89 3.85 ± .61 3.98 ± .93
HDL cholesterol (mmol/liter) ... 1.53 ± .38 1.33 ± .29 1.48 ± .29 1.85* ± .45 1.40 ± .35 1.40 ± .28
ApoB (mmol/liter) ................. 99 ± 13 106 ± 18 111 ± 16 94 ± 14 106 ± 15 107 ± 18

* P< .05.
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"surface-seeking" properties within the LDL particle
(DeLoof et al. 1987a). This indicates that residue
4311 may be exposed on the surface of the particle
and would therefore be available to act as an epitope
for an antibody. Another possibility is that residues
2712 and 4311 are closely related in space on the
surface of the lipoprotein particle, because of the fold-
ing of the protein. If this is so, then they could jointly
form the Ag(x/y) epitopes, Asn4311 interacting with
Pro2712 or Ser4311 with Leu2712 as the only two func-
tional combinations of the protein. Although it is not
yet possible to use computer modeling to explore the
possibility that residues 2712 and 4311 may interact
in the tertiary structure, such interaction cannot be
excluded.

These data demonstrate strong linkage disequilib-
rium in this region of the apo B gene, with apparent
complete allelic association between the Ag(x)/
Leu2712/Ser431, and XbaI X - alleles in the 688 chro-
mosomes where phase could be determined unambig-
uously. Berg et al. (1986) also found strong linkage
disequilibrium between the Ag(x) and XbaIX - alleles
in a sample of 75 Norwegian individuals, but they did
not find complete allelic association; the reason for
this difference remains unclear. Both sets of data indi-
cate that the mutations creating the Ag(x)/Leu2712/
Ser431, allele may have arisen on a chromosome car-

rying the X - allele, and our own data support the
theory that they have not since been separated by re-

combination. Thus, our original aim of searching for
common potentially functional variants of apo B, in
linkage disequilibrium with the alleles of the XbaI
RFLP, has been successful, although association stud-
ies alone cannot exclude or confirm that the Ag(x) /
Leu2712/Ser4311 allele is having a functional effect on

apo B. The results ofour initial analysis ofthe Swedish
sample imply that the Ag(x)/Leu2712/Ser431, allele is
associated with some, but not all, of the differences in
both serum LDL-cholesterol and apo B levels seen in
association with the XbaI X - allele. In addition, the
same allele is associated with raised HDL-cholesterol
levels. This pattern is consistent with the fact that the
Leu2712/Ser431, alleles are a subset of the XbaI X -

alleles. However, our data also predict that there are

other, as yet undetected, functional variants of apo B
that will account for the rest of the differences seen
in association with the XbaI RFLP. Further detailed
analyses in a much larger sample are required to ad-
dress this question more fully.

Recently, Rapacz et al. (1991), using protein pheno-
typing, have reported that there is only one Ag haplo-

type-Ag(g,d,y,i,t)-in 20 chimpanzees and eight go-
rillas that they have studied. They thus suggest that
this is the ancestral haplotype for human apo B. This
also implies that the polymorphism, seen at each of
the Ag loci in Homo sapiens, has evolved since the
divergence of the ancestors of man and higher apes,
estimated to be 5 million years ago. We genotyped
DNA from four chimpanzees, four gorillas, and two
orangutans and found them all to be homozygous for
both proline and asparagine at the apo B residues cor-
responding to human residues 2712 and 4311, respec-
tively. Thus these results support those of Rapacz et
al., and it can be predicted that these apes may also
have the Ag(y) epitope. However, since the complete
association of Pro2712/Asn4311 is also present in these
apes, it is still not possible to determine whether either,
both, or neither of these residues form the Ag(y) epi-
tope.

Since Ag(x/y) and Ag(al /d) are the only Ag loci
that are polymorphic in every ethnic group world-
wide, Breguet et al. (1990) suggest that these loci must
be the oldest of the Ag variant sites and that they
probably evolved before the postulated migration of
H. sapiens out of Africa, estimated to have occurred
approximately 100,000 years ago. If this is the case,
then it indicates that there has been no recombination
between the sites encoding Ag(x/y) and residues 2712
and 4311, a distance of approximately 7 kB of DNA,
in the history of modern man. Analysis of a larger
region of the apo B gene lends further credence to this.
When our own data are used in conjunction with those
of Breguet et al. (1990), it is possible to draw an evolu-
tionary tree for the 3' end of the apo B gene (fig. 5).
The two haplotypes, designed AO and Bo (fig. 5), differ
by only the C-to-T base change that creates the XbaI
polymorphic site. It is not possible to identify which
of these chromosomes arose first, since both are pres-
ent in all major ethnic groups; however, the frequen-
cies of these two forms vary widely between popula-
tions. It is possible to deduce that all the other
mutations arose on one or other of these chromosomes
in a sequential order, and no subsequent recombina-
tion is required to explain the observed haplotypes.
Haplotype Al can be postulated to have been created
by a G-to-A base change on Ao, giving rise both to the
EcoRI RFLP, at the DNA level, and to the Ag(t/z)
polymorphism, at the protein level. The G-to-A muta-
tion that generated Arg3soo-,Gln (Innerarity 1990)
(designated A2 in fig. 5) appears to have arisen on an
A1 chromosome, since all the patients so far identified
as having this disease have inherited this haplotype
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Figure 5 Postulated evolutionary tree for the 3' end of apo B Gene. Line representations of the apo B haplotypes show amino acids
above the line and show both the presence ( + ) or absence ( - ) of restriction-enzyme sites (X = XbaI; M = MspI; and E = EcoRI) and
partial Ag haplotypes beneath. Probable progenitor haplotypes (Ao and Bo) are shown, and all sequential haplotypes have been given a
number. Base changes creating the new haplotypes are shown next to the arrows. Full discussion is given in the text.

(Ludwig and McCarthy 1990; Myant et al. 1991).
The only exception to the pattern that each haplotype
differs from the previous one by a single base change
is Ag(xit) (designated A3 in fig. 5), which differs from
Ao at the two sites: Pro2712Leu and Asn4311-Ser. Our
studies have not revealed an intermediate haplotype
(table 2), implying that these two base changes may
have arisen within a very short time interval. Our data
and those of Berg et al. (1976) suggest that this haplo-
type has a small lipid-lowering effect. We postulate
that the Ag(h/i) polymorphism, the MspI RFLP at the
DNA level, has been created by a G-to-A base change
on haplotype Bo (results not shown), thereby giving
rise to B1. We also postulate that there is an additional
functionally distinct haplotype (designated B2) that
has been created by an as yet unidentified sequence

change occurring on the Bo haplotype. This sequence
change would be in allelic association with the XbaI
X + site and has the effect of raising serum cholesterol
levels (Berg et al. 1986; Law et al. 1986; Talmud et
al. 1987; Aalto-Setala et al. 1989; Paulweber et al.
1990).

There is some evidence- e.g., the extremely rare
haplotype Ag(xiz) -that recombination events may
have occurred in this gene region. (Breguet et al. 1990;
table 4). However, in general, the evidence indicates
that novel mutation, rather than recombination, is the
driving force for change in the 3' end of the apo B gene.
This unexpected result poses the question of whether
this lack of recombination is due to chance or selec-
tion. In order for selection to be the cause, it would
require that the forms of apo B created by recombina-
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tion be dominant and lethal; these are not attributes
that have been generally proposed for variants of the
apo B gene. However, since introns have been postu-
lated to be "spare" DNA available for mutation and
recombination (Gilbert 1985), the presence of huge
exons and only two small introns in the 3' end of the
apo B gene may indicate that recombination in the apo
B is disadvantageous.
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