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Abstract

Detection of new ligand-defective mutations of apolipopro-
tein B (apoB) will enable identification of sequences in-
volved in binding to the LDL receptor. Genomic DNAfrom
patients attending a lipid clinic was screened by single-
strand conformation polymorphism analysis for novel muta-
tions in the putative LDL receptor-binding domain of
apoB-100. A 46-yr-old woman of Celtic and Native Ameri-
can ancestry with primary hypercholesterolemia (total cho-
lesterol [TC] 343 mg/dl; LDL cholesterol [LDL-C] 241 mg/
dl) and pronounced peripheral vascular disease was found
to be heterozygous for a novel Arg3531-Cys mutation, caused
by a C-T transition at nucleotide 10800. One unrelated 59-
yr-old man of Italian ancestry was found with the same
mutation after screening 1,560 individuals. He had coronary
heart disease, a TC of 310 mg/dl, and an LDL-C of 212 mg/
dl. A total of eight individuals were found with the defect
in the families of the two patients. They had an age- and
sex-adjusted TC of 240±14 mg/dl and LDL-C of 169±+10
mg/dl. This compares with eight unaffected family members
with age- and sex-adjusted TC of 185±12 mg/dl and LDL-
C of 124±+12 mg/dl. In a dual-label fibroblast binding assay,
LDL from the eight subjects with the mutation had an affin-
ity for the LDL receptor that was 63% that of control LDL.
LDL from eight unaffected family members had an affinity
of 91%. By way of comparison, LDL from six patients het-
erozygous for the Arg3500-Gln mutation had an affinity of
36%. The percentage mass ratio of the defective Cys3531 LDL
to normal LDL was 59:41, as determined using the mAb
MB19 and dynamic laser light scattering. Thus, the defec-
tive LDL had accumulated in the plasma of these patients.
Using this mass ratio, it was calculated that the defective
Cys353, LDL particles bound with 27% of normal affinity.
Deduced haplotypes using 10 apoB gene markers showed
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the Arg3531-+Cys alleles to be different in the two kindreds
and indicates that the mutations arose independently. The
Arg3531-Cys mutation is the second reported cause of famil-
ial ligand-defective apoB. (J. Clin. Invest. 1995. 95:1225-
1234.) Key words: apolipoprotein B * atherosclerosis - hy-
percholesterolemia * haplotype * genetic mutation

Introduction

Approximately 70% of the LDL particles removed from the
circulation are cleared by the liver (1), and about 80% of this
uptake is through the LDL receptor; the remainder is by a
nonspecific low affinity process (1). The high affinity interac-
tion between LDL and the LDL receptor occurs via apolipopro-
tein B-100 (apoB-100) and is largely responsible for regulating
plasma levels of LDL (1). A large number of mutations (at
least 150) in the LDL receptor gene have been reported that
cause familial hypercholesterolemia (FH),' an autosomal co-
dominant disorder characterized by elevated LDL levels, the
frequent presence of tendon xanthomas, and premature coronary
heart disease (2). The first indication that a defect in apoB-100
can lead to a phenotype similar to FH was the observation of
decreased fractional catabolic rates of autologous LDL com-
pared with homologous LDL in five subjects (3). It was subse-
quently shown that LDL from one individual possessed only
32% of normal binding affinity to LDL receptors on fibroblasts
(4). Such a defect might be expected to lead to less severe
hypercholesterolemia than in FH since the rate of removal of
VLDL remnants by the LDL receptor should not be affected,
being mediated by apoE; hence the proportion of remnants con-
verted to LDL should be unchanged. To date, only a single
mutation of apoB- O00 has been reported that causes this disorder
(familial ligand-defective apoB), a CGGto CAGchange in
codon 3500, resulting in the substitution of glutamine for argi-
nine (5). Patients with this autosomal codominant disorder, as
predicted, have circulating levels of LDL cholesterol that are
generally lower than those seen in FH, although there is exten-
sive overlap. The mean level of LDL cholesterol for a total of
117 individuals heterozygous for the Arg3500-Gln mutation, in
five reports, was 245 mg/dl (6-10). This compares with 312
mg/dl for 153 subjects with heterozygous FH and 122 mg/dl
for 313 control individuals (1 1 ).

Since it is likely that other mutations of apoB exist that
cause familial ligand-defective apoB, our aim was to develop

1. Abbreviations used in this paper: ASO, allele-specific oligonucleo-
tide; FH, familial hypercholesterolemia; HVR, hypervariable region;
SSCP, single-strand conformation polymorphism.
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a technique to screen patients for novel mutations in the putative
receptor-binding domain. Weadopted a strategy using single-
strand conformational polymorphism (SSCP) analysis (12, 13)
to screen genomic DNA. SSCPanalysis has been used to detect
mutations in a number of genes (14-16).

The precise regions of apoB responsible for binding to the
LDL receptor remain to be determined. However, the area
flanking the thrombin cleavage site at residue 3249 is though
to be involved (17, 18). Within this area there are two regions,
3147-3157 and 3359-3367, both rich in positive electrostatic
charge, with close homology with the LDL receptor-binding
domain of apoE. These are included in the domain (residues
2835-4189) shown by antibody studies to include sequences
responsible for interaction with the receptor (19). Together
with what is known about the Arg3500-+Gln mutation, this has

led to a general acceptance that residues 3130-3630 account
for the major part of the binding affinity (20). Regions outside
this area may also contribute (20, 21). Using SSCP, we
screened nucleotides 9213-11324 (codons 3002-3705). A

portion of this region (10095-10773) was shown, in 39 hy-
percholesterolemic and 14 control subjects, to be highly con-
served (22).

We report the discovery of a novel apoB mutation in the
putative receptor-binding domain in two unrelated kindreds, the
effect on the binding of LDL to the LDL receptor in a newly
described dual-label fibroblast binding assay (23), and the mass

ratio of the defective LDL to normal LDL as determined by
dynamic laser light scattering. apoB gene haplotyping was per-
formed to examine the chromosomal background of the muta-
tion in the two families. In addition, LDL receptor gene markers
were studied to determined whether there was cosegregation of
this locus with the hypercholesterolemia.

Methods

Preparation of genomic DNA. Genomic DNA is routinely prepared
from whole blood (24) drawn from patients that attend the Lipid Clinic
of the University of California, San Francisco.

Lipid profiles. Lipid analyses were performed from blood drawn
from fasting individuals as described previously (25, 26) with the excep-

tion that serum levels of HDL cholesterol and triglyceride were deter-
mined after precipitation of LDL and VLDL with MgCI2 and dextran

sulfate, and levels of LDL cholesterol and triglyceride were calculated
as the levels in total serum minus that in VLDL plus HDL. When

appropriate, serum levels of total cholesterol and LDL cholesterol were

adjusted for age (to 25 yr) and gender by nonlinear regression analysis
using data in the Lipid Research Clinics Population Studies Data

Book (27).
Detection of SSCPs. A 522-bp region of exon 26 of the apoB gene

from nucleotide 10469 to 10990 was amplified, using oligonucleotides
88 and 94, from genomic DNAprepared from patients attending the

Lipid Clinic (the oligonucleotides used in these studies are listed in

Table I). The reactions were performed in 50 mMTris-HCl, pH 9 (at
25°C), 20 mM(NH4)2SO4, 1.5 mMMgCl2, using 12 ng of each primer,
70 ,uM of each dNTP, and 1 yCi of [a-33P]dATP (3000 Ci/mmol; Du

Pont Co., Boston, MA) in a total volume of 10 ,il. After initial denatur-

ation at 96°C for 4 min, 0.3 U of Hot Tub polymerase (Amersham,
Arlington Heights, IL) was added at 80°C, and 30 cycles of PCRwere

performed (96°C for 30 s, 57°C for 30 s, 72°C for 120 s).
5 jpl of each sample was digested with either PstI or EcoRI in a

volume of 10 pl. 1 iLl of 1% SDS-containing 100 mMEDTA was

added followed by 11 ,ul of loading buffer containing 95% formamide,
10 mMNaOH, 0.05% bromophenol blue and 0.05% xylene cyanol.

After denaturation at 96°C for 2 min, the samples were quenched on

ice, and 2 MI of each was loaded onto a 4% nondenaturing polyacryl-
amide gel (50 x 35 cm and 0.4 mmthick) containing 10% glycerol
(vol/vol) and 0.5x TBE (45 mMTris-borate, 1 mMEDTA) using a

sequencing apparatus (Bio-Rad, Richmond, CA). The gel was electro-
phoresed in a cold room, with a fan for extra cooling, at a constant
power of 100 Wfor 5 h. By these means, the temperature of the upper
buffer chamber was kept at a constant 15°C. After fixing for 45 min

using 10% methanol, 10% acetic acid, the gel was dried and autoradio-
graphed for 18 h.

Screening for the Arg353-Cys and Arg35o6-+Gln mutations. The

Arg3531-*Cys mutation introduces a new NsiI site at nucleotide 10799.
This enabled screening for the mutation among 1,560 DNAsamples.
These were obtained from 1,368 subjects attending the Lipid Clinic

and 192 normolipidemic controls. A 1582-bp region of apoB exon 26

(nucleotides 9561-11142) was amplified by PCRusing primers 20 and
41 (Table I) and the same conditions as previously described. This

fragment contains an NsiI site at nucleotide 9769, which served as a

control. After digestion with NsiI, samples were run on a 1.5% agarose
gel containing ethidium bromide.

The same PCRproducts were screened for the Arg350oj- Gln mutation
using a differential hybridization assay. A dot blot hybridization proce-
dure was set up as described by Soria et al. (5), except that nonradioac-
tively labeled allele-specific oligonucleotides (ASOs) and chemilumi-
nescent detection were used. Plasmids containing the mutant or normal
sequence (p43 and p469, respectively; a gift from Dr. Steve Russell,
Gladstone Research Laboratories, San Francisco, CA) were used as

controls. The DNAwas transferred to a nylon membrane (Schleicher &

Schuell, Keene, NH) using a dot blotter (Minifold II, Schleicher &

Schuell), fixed by ultraviolet irradiation, and hybridized with the mutant

ASO (50 ng/,Vl) (5) that had been tailed with digoxigenin-l1-dUTP
using terminal transferase (Boehringer Mannheim, Indianapolis, IN).

The hybridization was performed in 5x SSPE (0.15 MNaCl, 10 mM

NaH2PO4, 1 mMEDTA, pH 7.4), 5x Denhardt's solution (28), 0.5%
SDS at 23°C for 2 h. After incubation with anti-digoxigenin alkaline
phosphatase conjugate and then with Lumi-Phos 530 (Boehringer Mann-

heim), the membrane was exposed to X-Omat RPfilm (Eastman Kodak,
Rochester, NY). The filter was stripped of the mutant ASO in the

presence of NaOH(0.2 M) and SDS (0.1%) at 37°C and reprobed with

the control ASO (5).
Fibroblast LDL receptor binding assay. A dual-label equilibrium

binding assay, recently developed by one of us (C. M. Mendel) (23),
was used to determine the effect of the apoB Arg3531 -, Cys mutation

the on binding of LDL to the LDL receptor. This technique compares,

quantitatively, the equilibrium association constant of the sample LDL

with that of a reference LDL. Extensive validation of this technique,
along with a detailed description, has been provided elsewhere (23).
An abbreviated description follows.

LDL ( 1.019 < d < 1.063 g/ml) was prepared by sequential ultracen-

trifugation as previously described (23) from the 8 individuals with the

mutation, from 8 nonaffected family members, from 6 subjects with the

Arg3500-Gln mutation, and from 11 normolipidemic laboratory person-
nel. KBr was used to adjust the solvent densities. The LDL samples
were dialyzed against NaCl (0.9%), EDTA(0.04%), and sodium azide

(0.05%) and stored at 4°C. Reference LDL, prepared from a fasting
normal subject, was stored in 20% sucrose in individual aliquots at

-70°C, as previously described (23).
Sample LDL and reference LDL were labeled (0.5 mCi per mg of

LDL) with 1251 and 13'I, respectively, by the iodine monochloride method

as modified for lipoproteins (29), extensively dialyzed as previously
described, and stored at 4°C; the binding assay was performed within

3 d of the iodination. Human newborn foreskin fibroblasts ( 10th- 18th

passage) were used in the binding assay. They were grown under 8%

CO2 in 35-mm dishes in H21 DMEsupplemented with glutamine (2
mM), gentamicin (50 Ag/ml), and FCS (10%). At 80-90% confluency
and 48 h before the assay, the medium was replaced with DMEcon-
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Table 1. Previously Unreported Oligonucleotides Used in These Studies

Primer
Gene PCRprimers for number Sequence Site

apoB SSCPanalysis 94 5'-TACCAAGTCAAAACCTACTGTCTCTTCC-3' 10469-10496 (cDNA), sense
88 5'-GCgAaTTCCTGGCCAAGGTCAGGGAAATC-3' 10962-10990 (cDNA), antisense

3500/3531 screening 20 5'-CCTCCACTGAAAGATTTCTCTCTATGGG-3' 9561-9588 (cDNA), sense
41 5'-GGAAgCTTAGGTGTCCTTCTAAGGATCCTG-3' 11113-11142 (cDNA), antisense

ApaLI RFLP (exon 4) 128 5'-CCATGCCTAGGGGCAAACTTAAGAAATGTGTTACC-3' Intron 3, sense
129 5'-GGACACACACgCATGCGTGTGCTCATGTACAAC-3' Intron 4, antisense

Alul RFLP (exon 14) 146 5'-GAGTCAAAGGATAATAACATGGTGTGTCAGCTC-3' Intron 13, sense
131 5'-GGCTCCCgGGGACTCTCTGTTTATGATGCTG-3' Intron 14, antisense

BfaI RFLP (exon 26) 152 5'-ACAGTGAGCTGCAGTGGCCCGTTCCAG-3' 8170-8196 (cDNA), sense
30 5'-GCTATGTGGCaAGCTTTCAACAGTGTC-3' 8861-8887 (cDNA), antisense

Eco57I RFLP (exon 29) 154 5'-AAGCCATTCAGTCTCTCAAGACCACAGAGG-3' 12982-13011 (cDNA), sense
155 5'-ATGGATCTGCTGTAACTCTTGAGAAGCTTCC-3' 13232-13262 (cDNA), antisense

LDL receptor BsmAI RFLP (exon 10) 167 5'-ATGCCCTTCTCTCCTCCTGCCTCAGCAC-3' Intron 9, sense
168 5'-AGCCCTCAGCGTCGTGGATACGCACCCA-3' Intron 10, antisense

HincII RFLP (exon 12) 138 5'-TCTCCTTATCCACTTGTGTGTCTAGATCTC-3' Intron 11, sense
139 5'-CTTCGATCTCGTACGTAAGCCACACCTC-3' Intron 12, antisense

HaeIII RFLP (exon 18) 140 5'-TCCGCTGTTTACCATTTGTTGGCAGAGAC-3' Intron 17, sense
141 5'-CACGGTGGAGAGAAACTCAAAACTTCCTGG-3' 2836-2865 (cDNA), antisense

NcoI RFLP (exon 18) 165 5'-TGCTTCCACTTCTATGCAAATGCCTCCAAG-3' 3615-3644 (cDNA), sense
166 5'-TAACACGGCGATTTCAGAAAGAACCTGAAG-3' 4523-4552 (cDNA), antisense

Nucleotides in lowercase letters indicate the changes that were made in order to incorporate restriction sites.

taining lipoprotein-deficient serum (10%) and lovastatin (1 sg/ml;
Merck & Co., West Point, PA).

After the fibroblasts had been washed twice with Dulbecco's PBS,
the 1251_ and "311-LDL (0.5 ,g/ml protein each) plus HSA (0.2%) and
Hepes (25 mM, pH 7.4) in DMEwere added. After a 3-h incubation
at 4°C, maximum binding was achieved. The radioactivity in the un-
bound LDL ('251 and '3'I labeled) was measured in an aliquot of the
medium using an automated gamma counter. After four washings at
4°C with PBS containing BSA(0.4%) and one washing with PBSalone,
the cells were dissolved in NaOH(0.1 M), and their radioactive content
(bound LDL) was determined. Nonspecific binding, defined as radiola-
beled LDL bound in the presence of 200 tig/ml unlabeled LDL, was
usually < 5% of the total binding.

If the ratio of bound to free '3'I-LDL is defined as RI and that of
'25I-LDL as R2, it can be shown that under the experimental conditions
described, R 1/R2 is equal to K1/ K2, where Kl and K2 are the equilib-
rium association constants of the reference LDL (13'I-LDL) and the
sample LDL (25I-LDL), respectively, for the LDL receptor (23). Values
of R 1/R2 > 1 mean that the sample LDL has a lower affinity for the
receptor than the reference LDL.

Measurement of mass ratios of apoB allele products. To measure
the mass ratios of the two apoB allelic products, mAb MB19, which
recognizes the Ag(c/g) polymorphism (ApaLI RFLP) of apoB (30, 31 )
was used. LDL (1.021 < d < 1.055 g/ml) were isolated as previously
described from the plasma of three individuals who possessed the
Arg3531-Cys mutation and who were also heterozygous for the ApaLI
RFLP (Thr/Ile polymorphism at residue 71) (32). Samples were diluted
to a protein concentration of 1.5 x 10-' M in 0.195 MNaCl, 0.04%
EDTA, and 0.05% NaN3. Particle diameters were determined on 1-ml
aliquots in quartz cuvettes at 23°C, by dynamic light scattering, using
a particle sizer (Nicomp model 270, Particle Sizing Systems, Santa
Barbara, CA). An equivalent amount of MB19 was added, and the
particle diameters were remeasured. The sharp increase in the diameter
that was observed was principally due to the dimerization of the I1e7l
LDL, which has a much higher binding affinity than the Thr7, particles.
A control experiment was run on each sample using mAbMB47, which
caused dimerization of virtually all of the particles, in order to determine
the maximum increase. The percentage of high affinity particles in each
sample was then determined from a calibration curve, constructed from

artificial mixtures of high and low affinity LDL isolated from Ile/Ile
[Ag(c/c)] and Thr/Thr [Ag(g/g)] homozygotes, respectively.

apoB gene haplotyping. 10 apoB gene polymorphic markers were
analyzed by PCR. Except when noted, the PCR conditions were as
previously described. Wehave previously reported the primers and con-
ditions used for assaying the XbaI, MspI, and EcoRI RFLPs and the 3'
hypervariable region (HVR) (25). In the present study, the 3' HVR
primers were end labeled with [y-32P] ATP (Du Pont Co.) and the
PCRproducts were electrophoresed on 6% polyacrylamide gels. The
5' (TG)n polymorphism was assayed as described by Ludwig and
McCarthy (33). Primers 128 and 129 (58°C annealing, 3 mMMgCl2)
were used for the ApaLI RFLP (nucleotide 421) (32), and primers 131
and 146 (60°C annealing) were used for the Alul RFLP (nucleotide
1981) (34).

BfaI was used to detect the polymorphism at nucleotide 8344 (resi-
due 2712) (35). Primers 30 and 152 were used with an annealing
temperature of 60°C. The polymorphism at nucleotide 13141 (residue
4311) (36) was detected using primers 154 and 155 and the enzyme
Eco57I.

LDL receptor genetic markers. Five LDL receptor gene markers
were studied, using PCR, in the two kindreds with the Arg3531-Cys
mutation. The PCRprimers are listed in Table I. The polymorphism in
exon 10 at nucleotide 1413 (37) was assayed using BsmAI. Three other
RFLPs were studied: the HinclI RFLP at cDNA nucleotide 1768 (38),
the HaeII RFLP at nucleotide 2635 (39), and the NcoI polymorphism
in the 3' untranslated region (40). The digested PCRproducts were
examined on agarose gels. The dinucleotide repeat polymorphism at the
3' end of the gene was analyzed as reported by Zuliani and Hobbs
(41), except that the PCRconditions were as previously described, with
an annealing temperature of 54°C.

apoE genotyping and phenotyping. The method described by Hixon
and Vernier (42) was followed to ascertain the apoE genotypes. When
possible, phenotypes were determined by isoelectric focusing of
apoVLDL as previously described (26, 43).

Results

Discovery of Arg3531-Cys mutation by SSCPanalysis. Electro-
phoresis of a PstI digest of an amplified region of exon 26

Detection of apo B Arg(353))-0Cys Mutation 1227
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Figure 1. SSCPanalysis of 33P-labeled DNA(apoB nucleotides 10469-
10990) amplified from 11 hypercholesterolemic subjects. The DNAwas

digested with PstI before loading onto a 4% polyacrylamide strand-
separating gel containing 10% glycerol. The gel was run at 15°C and
100 Wfor 5 h. Lane 1, undenatured control DNA. Lanes 2-11, dena-
tured samples; lane 2, DNAamplified from the proband in the L.S.
kindred (1-6), showing a mobility shift.

(nucleotides 10469-10990) on a strand-separating gel showed
an abnormal pattern in the case of one patient (Fig. 1, lane 2).
An EcoRI digest of material from this individual also showed
a mobility shift (Fig. 2, lane 1), which was different from
that seen in patients with the mutation at nucleotide 10708
(Arg350-OGln). To the best of our knowledge, no polymor-
phisms have been reported for this region. Dideoxy sequencing
was performed on single-stranded DNAproduced by asymmet-
ric PCRof the patient's DNAand control DNA, using primers
41 and 94. The only difference between the patient's and the
normal sequence was a single nucleotide substitution at position
10800 in codon 3531 (Fig. 3). This changes the arginine codon
CGCto cysteine, TGC. When screened for the presence of the
novel NsiI site, which is introduced at nucleotide 10799 as a
result of the 3531 mutation, genomic DNAsamples from rela-
tives of this patient revealed a total of six individuals with the
mutation (Fig. 4). In addition, 1,368 individuals attending the
Lipid Clinic and 192 normolipidemic controls were screened
for this mutation and for the 3500 mutation. One additional
patient (unrelated to the first) was found with the 3531 muta-
tion, and a total of 12 unrelated subjects were found with the
3500 mutation. Analysis of DNAfrom relatives of the second
proband revealed one additional individual (his brother) with
the 3531 mutation. Hence, in the two kindreds, a total of eight
individuals were found with the 3531 mutation (Fig. 5). The
L.S. kindred is of Celtic and Native American origin, and the
A.C. kindred is of Italian origin.

Lipid profiles of two kindreds. Hypercholesterolemia and a
history of atherosclerosis are present in both kindreds (Table
II). Of the 16 individuals studied, 9 have serum levels of LDL
cholesterol above the 90th or 95th percentiles. As can be seen
(Fig. 5), there is no simple cosegregation of the hypercholester-
olemia, in either kindred, with the 3531 mutation. However, for
the eight subjects heterozygous for the 3531 mutation, the mean
adjusted values for both total serum cholesterol and LDL cho-
lesterol (Table III) are significantly higher than the correspond-
ing values from the eight family members lacking the mutation
(P c 0.02). They are also significantly higher than those for
control subjects (P c 0.001), whereas the values from the eight

.:?.''. -

Figure 2. SSCPanalysis of DNA(apoB nucleotides 10469-10990)
amplified from the proband of the L.S. kindred (lane 1) and 11 other
hypercholesterolemic subjects, including 4 with the Arg3500-Gln muta-
tion (lanes 9-12). The DNAwas digested with EcoRI before loading
onto a 4% polyacrylamide strand-separating gel containing 10% glyc-
erol. The gel was run at 15°C and 100 Wfor 5 h. Lanes I and 9-12
show opposite mobility shifts of the same fragment.

unaffected members are not different from values for controls.
When adjusted for age and sex, total cholesterol and LDL cho-
lesterol in the eight 3531 individuals were higher by 70 and 66
mg/dl, respectively, than those of controls. The corresponding
values for six patients with the 3500 mutation were 95 and 95
mg/dl, respectively.

LDL receptor haplotyping. Hypercholesterolemia in patients
with the 3531 mutation could be coincidental and could be due
to a defect in the LDL receptor gene, despite the observed
association between elevated lipid values and the presence of
the 3531 mutation. LDL receptor gene haplotypes are shown
in Fig. 5. As with the 3531 mutation, there is no simple coseg-
regation of the LDL receptor gene in these two kindreds with
serum levels of cholesterol.

In the L.S. kindred (Fig. 5), subjects II-4 and II-5 have
inherited different LDL receptor alleles from their mothers
(subject 1-6, the proband in this kindred). Only II-5 has the
elevated lipid levels seen in her mother. She also has the 3531
apoB mutation. This does not therefore discriminate between
FH or the 3531 mutation as potential causes of the hyperlipid-
emia seen in subjects 1-6 and II-5. However, observations in
the family of the proband's sister (subject I-4) are informative
in this respect (Fig. 5). This womanhas different LDL receptor
haplotypes (b and e) from those (a and f) carried by subject 1-6
(the proband) and also has an adjusted level of LDL cholesterol
above the 95th percentile. Her offspring, 11-1, II-2, and 11-3, all
inherited the same LDL receptor allele (haplotype b), as well as
the apoB 3531 mutation, from their mother. However, although
subjects II-1 and II-2 have levels of LDL cholesterol above the
95th and 90th percentiles, respectively, subject II-3 has a value
in the normal range.

In the A.C. kindred, the proband (I-3) has an adjusted level
of LDL cholesterol above the 95th percentile (Fig. 5). His
daughter (II-2) has inherited from her father an LDL receptor
different from that inherited by her brother (11-1). Like her
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Figure 3. DNAsequencing gel showing the single nu-
cleotide change leading to the Arg3531`Cys substitution.
The ladders show part of exon 26 of the apoB gene. An
asterisk indicates the T for C substitution in codon 3531.
Single-stranded DNAprepared by asymmetric PCRus-
ing primers 41 and 94 was directly sequenced with
Sequenase (United States Biochemical Corp., Cleve-
land, OH) using primer 44.

brother, she has a moderately elevated level of LDL cholesterol,
with her value being above the 90th percentile.

Equilibrium binding studies. The results of the fibroblast
binding experiments (Table III) indicate that the equilibrium
association constant of the LDL prepared from subjects hetero-
zygous for the 3531 mutation was 60.3±3.4% that of the refer-
ence LDL. This value was significantly different from that ob-
tained with LDL from 11 normolipidemic control subjects (P
- 0.001) or from the 8 individuals in the two kindreds who
did not carry the mutation (P = 0.004). By way of comparison,
a value of 34.3±3.0% was found for LDL prepared from six
patients who were heterozygous for the 3500 mutation (P
' 0.001 versus controls). The binding affinity of the LDL ob-
tained from the eight unaffected members of the two kindreds
was 87.3+7.1% that of the reference LDL, which was not sig-
nificantly different from control LDL, which had 95.9+5.4%
of the reference affinity.

The mean binding affinity of the LDL prepared from the
eight subjects with the 3531 mutation was 62.9% of the mean
control value, that from the eight unrelated family members
was 91.0%, and that of the six subjects with the 3500 mutation
was 35.8%. (See the following section for the calculation of
the binding affinity of the defective LDL particles.)
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Figure 4. An agarose gel showing the six individuals in the L. S. kindred
with the apoB 3531 mutation: lanes 1 (11-3), 2 (1-4), 4 (11-2), 5 (II-
1), 7 (11-5), and 9 (1-6). The gel shows three individuals that are
unaffected: lanes 3 (1-3), 6 (I-1), and 8 (11-4). DNA(nucleotides
9561-11142) amplified using primers 20 and 41 from genomic DNA
was digested with NsiI.

Mass ratios of apoB allele products. The ratio of apoB
Cys3531 LDL particles to those with normal apoB Arg3531 was
determined for three individuals heterozygous for the
Arg3531-*Cys mutation who were also heterozygous for the Thr/
Ile polymorphism at amino acid residue 71 by a novel unpub-

L.S. Kindred

A.C. Kindred

II1 |-2 1-3 I4

155T ill /1162TT 78

LDL Receptor Gene 143 148T
Markers and Haplotypes.lI_i [Il]
BsmAI [7 jj7
HincII + _ _ _ _
HaeIII _ + + + +

NcoI _ _ _ + +

AT reps. 1010 7 8 7 7 8
Haplotype a b c d e f g

Figure 5. Pedigrees of the two kindreds studied. Oand C indicate males
and females, respectively, heterozygous for the presence of the apoB
Arg3531-Cys mutation. Beneath the symbols are levels of LDL choles-
terol (in milligrams per deciliter), adjusted for age and gender. Values
above the 95th percentile are marked 1t, and those above the 90th
percentile marked T. Also shown are LDL receptor gene haplotypes.
For clarity, only those individuals available for study are shown, with
the exception of I-2 and 11-5 in the L.S. kindred.
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Table IL Unadjusted Serum Lipid Values and apoE Genotypes in Two Kindreds with the Arg3531-+Cys Mutation

Residue
Subject 3531 Sex Age TC TG VLDL-C LDL-C HDL-C APO-E Clinical details Other risk factors

yr

L. S. kindred
I-1 Arg/Arg F 49 28514 126 15 21914 51 E3/E3 Hysterectomy age 38
I-1 ND F (49) ND ND ND ND ND ND Died CHFage 49
1-3 Arg/Arg M 50 186 115 14 130 41 E3/E3 Cholecystectomy age 47 Obesity
I-4* Arg/Cys F 53 265 120 14 200T 51 E3/E3 Hysterectomy age 41 Moderate obesity
I-6* Arg/Cys F 46 343tT 164 27 2411T 52 E3/E4 Hysterectomy age 37 Smoking

Aortofemeral bypass age 39
Endarterectomies age 46 + 47

1-7 Arg/Arg M 56 187 177 32 121 34 E3/E4 Maternal history severe CAD Moderate obesity
II-1* Arg/Cys F 28 28614 147 18 205T1 63 E3/E3 Not examined
II-2* Arg/Cys M 16 173 60 8 129T 36 E3/E3 Not examined
II-3* Arg/Cys M 35 199 130 18 143 37 E3/E3 Not examined
11-4 Arg/Arg F 32 201 83 13 134 54 E4/E4
II-5* Arg/Cys F 31 24614 142 23 184T1 381 E3/E4

A. C. kindred
I-1* Arg/Cys M 71 283T1 156 24 206T1 53 E3/E3 Gastric lymphoma age 66
I-2 Arg/Arg F 65 245 158 24 153 68 E3/E3 Possible MI age 64
I-3* Arg/Cys M 59 31014 224 28 21214 56 E3/E3 MI age 58, CABGage 59
I-4 Arg/Arg F 63 178 104 11 107 60 E3/E3
II-I Arg/Arg M 40 238 196 33 174T 32 E3/E3
II-2 Arg/Arg F 37 218 71 7 158 53 E3/E3

Lipid values are all in milligrams per deciliter. Those values above the 90th or 95th percentile are marked t and 14, respectively, and those below
the 10th percentile are marked I (age and sex matched with the Lipid Research Clinics' Population Studies Data Book). * Subjects heterozygous
for the Arg3531-*Cys mutation. TC, total cholesterol; TG, triglycerides; C, cholesterol content; ND, not determined.

lished method developed by two of us (J. E. Chatterton and
V. N. Schumaker). Briefly, mAbMB19 recognized the Thr/Ile
polymorphism by binding with higher affinity when Ile was
present at residue 71 than when Thr was present (30). When
an equivalent amount of MB19was added to LDL from an Ile/
Ile homozygote at an apoB concentration of 1.5 x 10-8 M,
most of the LDL particles were cross-linked by antibody to
form an LDL dimer, as determined by measuring the increase
in particle diameter by dynamic light scattering. In contrast,
when the same amount of MB19 was added to LDL from a

Thr/Thr homozygote, most of the LDL particles remained as
monomers. Whenadded to LDL from an Thr/Ile heterozygote,
an intermediate amount of LDL dimerization occurred. As a
control, measurements were also made with mAbMB47, which
caused a maximal diameter increase with Ile/Ile LDL or Thr/
Thr LDL. With sample LDL, the ratio of the two forms of apoB
and of the LDL on which they resided were then determined
by comparison with a calibration curve constructed from mix-
tures of Ile/Ile LDL and Thr/Thr LDL at known ratios. The
error in this technique was estimated to be <±2%.

Table III. LDL Receptor Binding and Serum Cholesterol Analysis

LDL binding
Total LDL coefficient: LDL binding affinity as a LDL binding affinity as a

n cholesterol cholesterol Rl/R2 percentage of reference LDL percentage of control mean*

Controls 11 170± 11 103±9 1.07±0.05 95.9±5.4 100
3531 Arg/Cys 8 240±14*8 169+101 1.69±0.09'11 60.3±3.4t*1 62.9
3531 Arg/Arg (unaffected family members) 8 185±12 124±12 1.20±0.11 87.3+7.1 91.0
3500 Arg/Gln 6 265+351 198±301 3.02+0.24' 34.3±3.0t 35.8

Cholesterol values are in milligrams per deciliter and have been adjusted for age and sex. RI/R2 = Kl/K2, where KI is the equilibrium association
constant of a reference LDL, and K2 is that of the sample LDL (values > 1.0 indicate that the sample LDL has a lower affinity than the reference
LDL). * To compare the binding affinity of LDL from the three experimental groups with the mean value obtained from LDL prepared from the
11 control subjects, we set this latter value to 100%. All values are the mean±SEM. * Statistically different from controls, P c 0.001 (unpaired t
test). § Statistically different from unaffected family members, P c 0.02. 11 Statistically different from unaffected family members, P = 0.004.
1 Statistically different from controls, P = 0.005.

1230 Pullinger et al.



Table IV. apoB Genetic Markers in Two Kindreds with the Arg3531 Cys Mutation

Subject Haplotype 5'(TG)n Ins/Del ApaLI Alul XbaI BfaI Arg3531-'Cys MspI EcoRI Eco57I 3' HVR

L. S. kindred
I-1 A/B 14/14 I/I +1+ +1+ +1- -I- -I- +1+ +1+ -I- 36/42
I-3 C/D 14/15 I/I +/+ -I- -/- +/- -/- +/+ +/- +1- 34/46
14* E/F 14/14 I/D +/- +1- +1+ -I- +1- +1+ +1+ -I- 34/38
I-6* E/B 14/14 1q +1+ +1- +1- -I- +1- +1+ +1+ -I- 34/42
1-7 G/H 14/14 Ill +1+ -I- +1- -1- -I- +1+ +/- -I- 36/48
II- 1* E/C 14/14 I/I +/+ -1- +1- +1- +1- +1+ +1+ +1- 34/34
II-2* E/C 14/14 ll +/+ -I- +1- +1- +1- +1+ +1+ +1- 34/34
II-3* EI 14/14 I/D +/- +/- +/+ +++ ++ I 34/40
11-4 B/H 14/14 Ill +/+ +/- -I- -/- -/- +/+ +/- -/- 42/48
II-S* E/H 14/14 Il ±/+ -I/- +/- -/- +/- +/+ +/- -/- 34/48

A. C. kindred
I-1* J/K 14/14 I/D +/- +/- +/- +/- +1- +/+ +/+ +/- 34/36
1-2 ?/? 14/15 D/D -/- +/+ +/- -/- -/-- +/+ +/+ -/- 34/36
I-3* J/K 14/14 I/D +/- +/- +/- +/- +/- +/+ +/+ +/- 34/36
1-4 L/K 14/15 D/D -/- +/+ +/- -/- -1- +/+ +/+ -/- 30/36
II-1 K/K 14/14 DID -/- +/+ +/+ -/- -I- +/+ +/+ -/- 36/36
11-2 K/K 14/14 D/D -/- +/+ +/+ -/- -1- +/+ +/+ -/- 36/36

A 14 I + + + - - + + - 36
B 14 I + + - - - + + - 42
C 14 I + - - + - + + + 34
D 15 I + - - - - + - - 46
E* 14 I + - Li+ i + + + Li 34
F 14 D - + + - - + + - 38
G 14 I + - + - - + + - 36
H 14 I + - - - - + - - 48
I 14 D - + + - - + + - 40
Jt 14 I + -_+ + + 34

K 14 D - + + - - + + - 36
L 15 D - + - - - + + - 30

* Individuals heterozygous for the Arg3531-'Cys mutation. * Haplotypes associated with the mutation.
between these two haplotypes.

As can be seen from Table IV, the mutant Cys3531 allele is
associated in both kindreds with the presence of an ApaLl site
at nucleotide 416. Hence the apoB molecules with a Cys at
residue 3531 will also have a Thr at residue 71 and bind with
low affinity to MB19. There were three individuals with the
mutation who were available to study and who were heterozy-
gous for the ApaLl RFLP. These were subjects 1-4 and II-3
from the L. S. kindred and I-I from the A. C. kindred. At the
time blood samples were collected, none of the three individuals
were taking lipid-lowering drugs. In addition to these three
subjects, the Thr/Ile LDL ratio was also determined for control
LDL samples from two Thr/Ile heterozygotes. The percentage
ratios of Thr/Ile LDL particles for these two were 51:49 and
49:51, very close to the expected ratio of 50:50. For the three
subjects heterozygous for the 3531 mutation, this ratio was
significantly different, and in each case there was an accumula-
tion of the mutant Cys3531 particles (the Thr7l isoforms). The
ratios were 63:38 (I-4, L. S. kindred), 55:45 (11-3, L. S. kin-
dred), and 60:40 (I-1, A. C. kindred). All values are the average
of duplicate determinations. Therefore, with these three individ-
uals, the defective LDL had accumulated to a mean ratio of
59:41 over normal LDL.

The boxed regions highlight the differences

The binding affinity of LDL for the LDL receptor was also
determined for these three patients. The values obtained were
54.1, 58.1, and 58.7% of reference LDL, respectively. These
were the average binding affinities of the mixture of normal
and defective particles, but since the fraction of LDL particles
that contain the defective Cys3531 form was known, it was possi-
ble to calculate accurately its binding affinity.2 In the three
cases, the calculated binding affinities of the defective Cys3531
LDL were 26.5, 24.1, and 31.3%, respectively (mean±SE
= 27.3±2.1%).

apoB haplotype analysis. Haplotype analysis, using 10 apoB
genetic markers, showed that the apoB Arg3531-*Cys alleles are
different in the two kindreds (Table IV). In the L. S. and A. C.
kindreds, the Cys allele is associated with haplotypes E and J,
respectively. The differences between these two haplotypes re-
side at the loci for the XbaI, BfaI (residue 2712), and Eco57I
(residue 4311 ) RFLPs.

2. The calculation was performed as follows: (fraction abnormal x X)
+ (fraction normal x 1) = R2/R1, where R2/R1 is the value obtained
from the binding assay for the patient's LDL and X is the calculated
value of R2/R1 for the abnormal particles.
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Discussion

Wereport the discovery, using SSCPanalysis, of a new apoB
mutation in codon 3531 that causes an arginine to cysteine
substitution. Using a competitive dual-label binding assay and
a laser light scattering technique, we have shown that this muta-
tion results in a defect in the binding of LDL to the LDL
receptor that leads to an accumulation in plasma of the defective
LDL. LDL prepared from eight subjects, all heterozygous for
the Arg3531-,Cys mutation, had a mean affinity for the LDL
receptor that was 62.9% of control LDL. The three individuals
available for study who were heterozygous for the Thr71/1le71
polymorphism were shown to accumulate the defective Cys3531
LDL in their plasma to a 59:41 percentage ratio over normal
LDL particles. From these two pieces of information, the bind-
ing affinity of the defective CyS3531 LDL particles was calculated
as 27% of normal.

The amount of abnormal LDL was reported to be typically
70%, and the amount of normal LDL was 30% in patients with
familial ligand-defective apoB caused by the apoB Arg3500-Gln
mutation (44). In the present study, LDL from patients hetero-
zygous for the apoB Arg3500-+Gln mutation were found to have
35.8% of the binding affinity of control LDL, close to the value
of 32% reported by Innerarity et al. (45) and a value of 35.7%
reported by Friedl et al. (44). Thus, based on a binding affinity
of 35%, it can be calculated that the Gln3500 particles have
< 10% of normal binding affinity. This is consistant with the
report that LDL from one patient with the Arg3500-+Gln muta-
tion, when highly enriched for the defective Gln35(0 variant
particles, was reported to bind to the LDL receptor with < 10%
of normal affinity (45). Hence the Arg3531-+Cys mutation results
in a somewhat less severe impairment of binding than does the
Arg3500-+Gln mutation. This is consistent with the lipid analysis
that indicates less of an increase in serum and LDL cholesterol
levels as a result of the Arg3531-Cys mutation than that caused
by the Arg3500--Gln mutation.

The reason for the 73% decrease in binding affinity due to
the 3531 mutation is unclear. However, it is thought that the
defect in binding in the case of the 3500 mutation may be the
result of a conformational change in apoB-100 that involves
redisposition of a number of charged residues rather than loss
of a single receptor-interactive residue (46).

Wehave shown that eight patients who are heterozygous
for the Arg3531-+Cys mutation have a mean adjusted level of
LDL cholesterol that is 66 mg/dl higher than control values
and 45 mg/dl higher than the values of their unaffected family
members. This difference is a reflection of other factors, possi-
bly genetic, present in the two kindreds besides the Arg3531-+Cys
mutation and reflects the lack of simple cosegregation of this
defect with the hypercholesterolemia. Simple cosegregation of
the LDL receptor locus with the hypercholesterolemia was not
apparent, ruling out a monogenic receptor defect common to
the hypercholesterolemic individuals. Additional studies should
reveal many patients with the Arg3531-,Cys mutation, allowing
a more accurate measure to be made of the effect it has on the
level of serum cholesterol. The clinical presentation may or
may not be the same as that in patients with the Arg350-+Gln
mutation. The effect of the Arg3531-+Cys mutation, however,
appears to be less than that of the Arg350o-+Gln mutation, which
in turn is somewhat less than that of many LDL receptor gene
defects seen in FH. It has previously been reported that 41

patients with the Arg3500-+Gln mutation had a mean level of
total cholesterol of 269 mg/dl (45), close to the age- and gen-
der-adjusted mean value of 265 mg/dl for the 6 patients that
we studied in this report. In the earlier study (45), LDL choles-
terol levels of Arg3500-+Gln heterozygotes were 71 mg/dl higher
than control values, which is somewhat lower than the 95 mg/
dl elevation seen in the present study. Innerarity and his co-
workers point out that other workers have observed higher mean
levels of cholesterol in Arg35os-Gln patients that are closer to
values seen with FH heterozygotes, though the reasons for these
differences are not clear. LDL cholesterol levels in FH heterozy-
gotes over the age of 20 yr are elevated by 175 mg/dl over
normal values (1).

The frequency of the Arg350-+Gln mutation in an unselected
population has been estimated from a four-center study, one of
which was San Francisco, to be 1 in 543 (0.00184) (47). Since
we have found 12 probands with the 3500 mutation out of our
clinic population of 1,368 (a frequency of 1 in 114), it follows
that selection for hyperlipidemia has increased the frequency
by a factor of about 4.8-fold. Hence, the occurrence of two
probands with the Arg3531-_Cys mutation is compatible with a
frequency in the general population in San Francisco of - 1 in
3,000.

apoB haplotype analysis of two kindreds shows the presence
of two different apoB Arg3531-+Cys alleles, which is perhaps not
surprising in the light of the differing ethnic origins of these
families. The two haplotypes differ at three markers, and since
two are upstream and one is downstream of the mutation, it is
likely that the mutations arose independently. Alternatively, two
recombination events would have had to occur if the mutation
arose only once. Two of the RFLP markers that differ, BfaI
(codon 2712) and Eco57I (codon 4311), have been indepen-
dently linked to the Ag(x/y) polymorphism (35, 36), and the
third (XbaI) is in linkage disequilibrium with both the BfaI and
the EcoS7I RFLPs (36).

Initially it was found that all probands with the Arg3500-+Gln
mutation, in several populations in Europe and North America,
had the same apoB haplotype, indicating a single mutational
event (33, 48). Recently, a different haplotype was reported in
Germany, providing evidence for an independent Arg3500-+Gln
mutation (49). A unique haplotype, associated with the Gln3500
allele in a Chinese patient, indicated either an independent muta-
tion or a recombination in the 3' end of the gene (50).

It has been estimated for other genes that the frequency of
mutations in CGdinucleotides is between 10 and 20 times the
average rate (51). The Arg3531-+Cys and Arg350-Gln mutations
are both transitions in CGdinucleotides, as is the MspI polymor-
phism in codon 3611, and all three involve substitutions for
arginine residues. It would not, therefore, be surprising if other
mutations in the putative apoB LDL receptor-binding domain
involve mutated arginine codons. The discovery of the
Arg3531-,Cys mutation and other ligand-defective mutations of
apoB will enable a better understanding of the sequences in-
volved in receptor binding. There is evidence (3, 4) that various
ligand defects are significant in the etiology of primary hyper-
cholesterolemia, and it has now been shown that certain LDL
subspecies, particularly small dense LDL, have impaired ligand
properties (52). Hence, it is probable that changes in the confor-
mational disposition of apoB secondary to alterations of the
lipid content of LDL may be responsible for impaired binding
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in a significant number of cases. In these instances no mutation
in apoB will be found.
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