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Abstract

Familial amyloidotic polyneuropathy (FAP) is an autosomal
dominant late-onset disorder characterized by the extracellular
deposition of amyloid fibrils. In all cases studied these fibrils
have been found to be composed of plasma prealbumin (trans-
thyretin) containing a single amino acid substitution. Biochemical
studies were conducted on amyloid from one patient and plasma
prealbumin from his affected brother, both part of a large kindred
from the Appalachian region of the United States. Sequence
analysis of the amyloid subunit protein showed it to be preal-
bumin with about two-thirds of the molecules containing a sub-
stitution of alanine for threonine at position 60. Studies of the
plasma prealbumin showed that the same substitution was pres-

ent in 4045% of the protein. Based on this substitution and the
prealbumin cDNAsequence, a Pvu II restriction fragment length
DNApolymorphism (RFLP) was predicted and demonstrated
in DNAof both patients as well as other family members. This
RFLPconfirms the predicted DNAmutation responsible for the
protein variant, and represents an accurate method for detection
of this gene.

Introduction

Over the last several decades hereditary amyloidosis (familial
amyloidotic polyneuropathy, FAP)' has been identified in a

number of kindreds. While these disorders have a worldwide
distribution, they all express a symmetrical polyneuropathy to
varying degrees. They differ, however, with respect to the degree
of cardiac, renal, intestinal and other organ involvement. Orig-
inally the kindreds were classified by symptomology and national
origin (1). Recently, however, a number of these amyloidoses
have been biochemically characterized, and to date all FAP
amyloids have been found to be composed of variant prealbumin
(transthyretin) molecules. The most commonof these syndromes
is FAP type I, which has been reported in Sweden, Japan, Por-
tugal, and the United States (2-4). This amyloid is composed

Presented in part at the American Society of Human Genetics 1985
Annual Meeting. (1985. Am. J. Hum. Genet. 37:A20. Abstr.)

Address reprint requests to Dr. Benson, Chief, Rheumatology Section,
Richard L. Roudebush Veterans Administration Medical Center, 1481
West 10th Street, Indianapolis, IN 46202.

Receivedfor publication 27 January 1986.

1. Abbreviations used in this paper: FAP, familial amyloidotic polyneu-
ropathy; HPLC, high performance liquid chromatography; RFLP, re-

striction fragment length polymorphism; SSC, 0.15 MNaCl, 0.015 M
sodium citrate, pH 7.0; TE, 0.01 MTris, 0.001 MEDTA.

The Journal of Clinical Investigation, Inc.
Volume 78, July 1986, 6-12

of prealbumin with a substitution of methionine for valine at
position 30 of the 127 amino acid prealbumin monomer (5-9).
Quite recently FAP type II amyloid has been identified as con-
taining prealbumin with the substitution of serine for isoleucine
at position 84 (10). Lastly, an FAPamyloid of Jewish origin has
been shown to contain a prealbumin variant with an isoleucine
for phenylalanine substitution at position 33 ( 11); although pre-
vious reports indicate that it may also have a glycine for threonine
at position 49 (12, 13). It would seem that most if not all of the
FAP syndromes are the result of specific variant prealbumin
molecules and that the different clinical expressions of these
diseases appear to be, in part at least, the result of the specific
amino acid substitutions.

Werecently identified a new FAP kindred from the Appa-
lachian region of the United States. These affected individuals
have major depositions of amyloid in cardiac tissue similar to
FAPtype II, but otherwise appear to have a unique disease pro-
gression. This report presents our findings on the biochemical
characterization of this amyloid and its plasma prealbumin pre-
cursor as well as the development of a DNAscreening technique
to identify preclinical carriers of the trait.

Methods

Amyloid fibrils were isolated from cardiac tissue of a 65-yr-old man who
died of restrictive cardiomyopathy after the diagnosis of amyloidosis had
been made by rectal and bladder biopsies. Family history revealed that
both his father and uncle had died with amyloidosis after age 60. Shortly
after the proband's death, one of his brothers, aged 58 yr, developed
angina and congestive heart failure. Amyloidosis was diagnosed by rectal
biopsy and the brother donated plasma for study. Blood for DNAex-
traction had been obtained from both brothers and 14 close relatives.

Amyloid fibrils were isolated from the proband's heart tissue and the
amyloid subunit protein purified as previously described (14). 2 mg of
this protein were dissolved in 0.1 Mammonium bicarbonate, and 2%
(wt/wt) trypsin (Worthington Biochemicals, Freehold, NJ) was added
(5). The reaction proceeded at room temperature for 8 h, and the solution
was then lyophilized. This peptide mixture was dissolved in 25% acetic
acid and applied to a SynChrom RP-8 column (1 cm X 25 cm; SynChrom,
Inc., Linden, IN). An acetonitrile gradient was used to elute the peptides,
which were identified by absorbance at 215 nm.

An aliquot of each peptide was subjected to hydrolysis in 5.7 NHCI
at 1 10°C for 24 h and amino acid composition determined on a Beckman
1 19C amino acid analyzer (Beckman Instruments, Inc., Fullerton, CA).
Peptides were sequenced with a Beckman 890C liquid phase protein
sequenator using the 0. 1-M quadrol program (121078) with the addition
of 3 mgof polybrene to each sample to reduce extractive losses.

Prealbumin was isolated from the brother's plasma using a three-step
procedure as described elsewhere (15). The protein was digested with
trypsin, fractionated on high performance liquid chromatography (HPLC)
and the tryptic peptides subjected to amino acid analysis and sequencing
as done for the amyloid protein.

For the DNAanalysis, total genomic DNAwas extracted from leu-
kocytes from 16 members of the kindred (16). In the initial test for the
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hypothesized polymorphism, 10 ,g of the proband's DNAand a normal
control DNAwere used. These were digested to completion with Pvu II
(Bethesda Research Laboratories, Gaithersburg, MD). The fragmented
DNAwas precipitated in 0.3 Msodium acetate and ethanol, centrifuged,
and the pellets dried under vacuum. The pellets were redissolved in TE
buffer (0.01 MTris, pH 8.0, and 0.001 MEDTA), and the DNAfragments
separated by electrophoresis through a 0.8% agarose gel. Hind III frag-
ments of phage lambda DNAwere used as molecular weight standards.

DNAwas denatured in the gel with 0.5 MNaOH/1.5 MNaCl and
transferred to a nitrocellulose filter by the method of Southern (17). The
filter was then baked at 80°C for 2 h under vacuum and prehybridized
at 65°C in the following solution: 6x SSC = 0.15 MNaCl, 0.015 M
sodium citrate, pH 7.0, 1 X Denhardt's solution (50X = 1% Ficoll, 1%
polyvinylpyrrolidone, 1% bovine serum albumin, BSA), 0.1% sodium
dodecyl sulfate (SDS), 100 ug/ml sheared salmon sperm DNA, and 0.05
Msodium phosphate, pH 7.0.

Prealbumin cDNA (150 ng) was radiolabeled by nick translation
using alpha-[32P]dCTP(deoxycytidine triphosphate, New England Nu-
clear, Boston, MA) (18, 19). The filter was hybridized with this probe
(5 X 107 cpm) in 10 ml of hybridization solution in a heat-sealed plastic
bag for 48 h at 65°C. The filter was washed in a series of increasingly
stringent solutions (6X SSC, 3x SSC, IX SSC, 0.2x SSC) containing
0.3% SDSat 65°C, and autoradiographed using Kodak XARfilm (East-
man Kodak Co., Rochester, NY) at -70°C.

After the results from above were returned, DNAfrom the rest of
the family was analyzed with this technique.

Results

Congo red staining of autopsy material revealed extensive amy-
loid deposition in the cardiac tissue. From 30 g of tissue (wet
wt) 150 mg of amyloid fibrils were recovered from supernates
of homogenizations in distilled water, and 2.1 g recovered from
the pellets. After staining with Congo red both fractions were
found to be highly enriched for amyloid fibrils. Amyloid fibrils
from the water supernate (100 mg) were denatured in 6 Mgua-
nidine, reduced, and alkylated and fractionated on Sepharose
CL6B. From 100 mgof fibrils, 8 mgof a low molecular weight
subunit protein was isolated, accounting for 15%of the recovered
proteins. On SDS-polyacrylamide gel electrophoresis (PAGE)
the subunit protein peak showed a single band with a molecular
mass of 14,000 D. Sequence analysis of the subunit protein re-
vealed a very heterogeneous structure from which the parent
protein could not easily be determined. Prealbumin was isolated
from the plasma of the propositus' brother and 7 mg was re-
covered from 100 ml. This represented a recovery of -30%
when compared with the serum prealbumin concentration de-
termined by radial immunodiffusion.

HPLCseparation of the tryptic peptides of the amyloid fibril
protein and plasma prealbumin on a reverse-phase column re-
sulted in profiles nearly identical to normal prealbumin (Fig. 1).
The only difference from normal was the presence of two variant
peaks, 7* and 7*-8, which eluted slightly later than peptides 7
and 7-8, respectively. Peptides 7 and 7-8 correspond to amino
acid residues 49-70 and 49-76, where 7-8 is the product of in-
complete digestion between peptides 7 and 8. These data sug-
gested that 7* and 7*-8 represented variants of 7 and 7-8, which
localized the hypothesized amino acid substitution to the 49-
70 region of the protein. Magnitudes of the peaks indicated that
approximately two-thirds of the prealbumin peptides from the
amyloid fibrils contained the variant, while -40-45% of the
plasma prealbumin peptides contained the variant.

Amino acid analysis of peptides 7* and 7*-8 indicated that
each lacked one threonine and had an additional alanine, com-

pared with the normal peptides 7 and 7-8 (Table I). All other
tryptic peptides appeared to have normal composition. Se-
quencing analysis showed that all peptides except the two variants
had sequences consistent with normal prealbumin. The variant
peptides were shown to contain an alanine at position 60 in
place of the normal threonine (Fig. 2).

This substitution, previously unreported, is consistent with
the proven association of FAP and prealbumin variants. Ex-
amination of the prealbumin cDNA sequence and the genetic
code revealed that this protein polymorphism would most likely
correspond to a point mutation of A to G in the first position
of the threonine codon (18). Analysis of the cDNAsequence in
this region revealed that this base change creates the palindromic
sequence CAGCTG,which is a recognition site for Pvu I. Since
this enzyme does not cut the normal prealbumin gene at this
location, we predicted a Pvu Hrestriction fragment length poly-
morphism (RFLP) specific for the described mutation.

DNAanalysis of the proband (lane P) and a normal control
(lane N) is seen in Fig. 3 a. In lane P, three Pvu II fragments
are detected by the prealbumin cDNAprobe: 5.8, 5.2, and 3.7
kilobases (kb). Lane Nshows only the 5.8- and 3.7-kb fragments.
In addition the 5.8-kb band of lane P is only half the intensity
of the same band from N, and is equal in intensity to the variant
5.2-kb band.

A total of 15 other family members, including the affected
brother, was screened for this DNApolymorphism. 6 of these
15 were found to have the variant RFLP, including the affected
brother, a sister (as yet unaffected), and a niece, grandson, and
two children of the proband (Fig. 3 b). Testing of several other
normal control DNAs as well as DNAfrom FAP type I and
type II patients revealed only the normal two-band pattern.

Discussion

As with FAP type II, extraction of cardiac tissue gave large
amounts of amyloid fibrils in the pelleted material but little in
the water extracts. Also, the elution profile (on Sepharose CL6B)
for the isolation of the amyloid subunit protein was similar to
that reported for FAP type II. Sequence analysis of the amyloid
subunit protein revealed a heterogeneous amino acid sequence.
Analysis of the yield data revealed that -40% of the polypeptide
chains started at position 4 of the prealbumin molecule. Of the
remaining structures -25% originated at position 1 and positions
2, 3, and 5 each accounted for 8-12% of the molecular structure.
A similar N-terminal heterogenicity for amyloid subunit preal-
bumins has been reported by Skinner and Cohen, Tawara et al.,
and Kametani et al. (6-8). The HPLC elution profile of the
trypsin digested amyloid subunit protein (Fig. 1) was also ho-
mologous to that seen for FAP type II in that there was poor
recovery of peptides T2 (10-15), T5-6 (35-48), and T6 (36-48),
which is probably the result of the oxidation of the cysteine 10,
methionine 13, and tryptophan 41. This finding is similar to
that found in FAP type II (Indiana/Swiss) protein, which was
also isolated from cardiac tissue (10). Of the remaining peptides
only peaks 7* and 7*-8 were found to be unique. Sequence
analysis revealed that both peptides started at position 49, and
at position 60 of the prealbumin molecule an alanine was found
instead of the normal threonine. In the amyloid subunit protein
this variant peptide accounted for about two-thirds of the peptide
chains. This is quite consistent with that seen for the other FAP
amyloids (5, 9). For the plasma prealbumin trypsin digest, except
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Figure 1. (a) Reverse-phase HPLCseparation of peptides derived from trypsin digestion of 2 mgof amyloid subunit protein on a column (1 X 25
cm) of Synchrom RP-8 resin. The column was equilibrated in 0.1% trifluoroacetic acid and the peptides eluted with a linear gradient of 0-35%
acetonitrile formed during a 75-min period. The column was maintained at room temperature (21 °C) with a flow rate of 2 ml/min. All peptides
are numbered sequentially from the amino terminal. Peptides T2, T5-6, and T6 were recovered in low yield probably due to oxidation of methio-
nine and tryptophan. (b) Reverse-phase HPLCseparation of peptides formed by trypsin digestion of 3 mgof plasma prealbumin. Column and
conditions same as above. This profile is identical to that seen for normal prealbumin except for the presence of peptides T7* and T7*-8.

for the presence of peptides T7* and T7*-8, a pattern identical
to that from normal prealbumin was seen (Fig. 1). These variant
peptides accounted for almost 45% of the prealbumin molecules.
This is unusual because most individuals who are clinically af-
fected with FAP have 25% or less of the variant prealbumin in
their plasma (9, 15). This unusually high level of variant may

be related to the slow rate of disease progression in this kindred.
On a molecular level this substitution occurs near the middle
of the D-E loop (20). This segment of the molecule has limited
molecular interactions and how this substitution affects the
structure of the molecule is not readily apparent.

According to a recent study the prealbumin gene is present

as a single copy in the human genome (21). The 5.8 and 3.7 kb
fragments from normal human DNAindicate that the cDNA
probe detects one Pvu II cut within the normal prealbumin gene.
The additional 5.2-kb fragment and the decreased intensity of
the 5.8-kb fragment in the DNAof the affected brothers indicates
that these individuals are heterozygous at the prealbumin locus,
As hypothesized, the abnormal (FAP) gene contains an extra
Pvu II site, which reduces the 5.8-kb fragment to 5.2 kb. From
the reported genomic sequence, the remaining 600-base fragment
is nearly all intron sequence and so is not detected by the cDNA
probe under these conditions.

This characterization of a variant prealbumin with alanine
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Figure 2. The complete amino acid sequence of the isolated amyloid subunit protein and the tryptic peptides used to determine the structure. The
sequence information obtained from each peptide is shown by an arrow under the respective fragments. Since the amino terminal is heteroge-
neous, the data obtained for the major sequence starting at position 4 are shown.
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Figure 3. (a) Autoradiograph of Southern analysis of Pvu II-digested DNAfrom proband (lane P) and control (lane N). The probe was prealbu-
min cDNA nick translated with 132P]dCTP. Fragment sizes (in kilobases) are indicated to the left of lane P. (b) Southern analysis of Pvu II-di-
gested DNAfrom the family of the proband. The variant prealbumin fragment (5.2 kb) is detected in lanes P (proband), 8 (brother), and lanes 1,
3, 7, 12, and 15. Fragment sizes correspond to those indicated in (a).
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at position 60 associated with hereditary amyloidosis brings to
four the number of reported prealbumin variants that are as-
sociated with amyloid formation (10-12, 15). This lays a firm
basis for biochemically classifying the autosomal dominant
amyloidoses and shows that, in general, the older classification
by clinical expression of disease was basically sound. It has now
been shown that FAP type I (polyneuropathy in the lower limbs
associated with severe autonomic dysfunction), which was clas-
sically described in Portuguese, Japanese, and Swedish patients,
is associated with a prealbumin variant with methionine sub-
stituted for valine at position 30 of the molecule. This mutation
has been confirmed by DNAanalysis using restriction endo-
nucleases Nsi I and Bal I (22). The Indiana/Swiss FAP type II,
which is characterized by cardiomyopathy, prominent eye in-
volvement and low serum retinol binding protein levels, is as-
sociated with a serine substitution at position 84 of the preal-
bumin molecule (23). The Jewish FAP, which was originally
reported to have a glycine for threonine substitution at position
49, has more recently been reported to have an isoleucine for
phenylalanine at position 33. Whether both substitutions are
present in the Jewish FAP prealbumin gene or this represents
multiple variant alleles has not been resolved. All of the variants
except for glycine at 49 can be explained by single base changes.
The new Appalachian type of FAP, with an alanine substitution
at position 60, appears clinically distinct from FAP type I and
type II and indeed is a separate chemical abnormality.

There are a number of clinically described hereditary amy-
loidoses that have yet to be characterized. The Maryland kindreds
that are similar clinically to the Indiana/Swiss have not yet been
characterized chemically and neither has the Iowa kindred where
amyloidosis is associated with nephrotic syndrome and a high
incidence of peptic ulcer disease (24, 25). FAP in a large family
described by Koeppen et al. in New York is associated with
prealbumin amyloid deposits but is not chemically characterized,
and a number of families in Sweden, France, and the United
States have yet to be studied chemically (2, 26, 27). The chances
of finding more prealbumin variants associated with hereditary
amyloidosis seem quite likely. On the other hand, variations in
the clinical syndrome between kindreds with the same genetic
defect must lead us to studies of other factors that control amyloid
formation. Variation in age of onset, tissue distribution of amy-
loid deposits, and progression of the disease complex must be
explained by factors other than the single nucleotide mutation
in the gene for prealbumin. An understanding of these factors
may well be important in devising methods of altering the pro-
gression of the disease in affected individuals.

The characterization of the genetic abnormality in the Ap-
palachian type of FAP is a classic example of clinical research.
It started with a recognition by attending physicians that it is
important to study such diseases and that there are methods for
such studies. The isolation of amyloid fibrils and characterization
of the primary structure of the prealbumin subunit was straight-
forward. Knowing the genetic code for prealbumin allowed the
postulation of a unique restriction enzyme (Pvu II) recognition
site in the variant gene, and the availability of the cDNAprobe
allowed the characterization of this FAP-specific RFLP. While
the DNAanalysis would have been difficult without first having
the protein structure data, it is obviously the superior way of
detecting the genetic abnormality in individuals who are at risk
for FAP. Certainly it should be adaptable to the prenatal detec-
tion of gene carriers and, in addition, it will give a basis for
genetic counseling of individuals who are at risk.
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