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Abstract Previous studies have revealed the presence of
transthyretin (TTR) on lipoproteins. To further address this
issue, we fractionated plasma lipoproteins from 9 normal
individuals, 10 familial amyloidotic polyneuropathy (FAP)
patients, and 19 hyperlipidemic subjects using gel filtration.
In the majority of the subjects, as well as in 9 of the 10 FAP
patients and 14 of the 19 patients with hyperlipidemia, TTR
was detected by ELISA in the high density lipoprotein
(HDL) fraction. The presence of TTR in HDL was con-
firmed by direct sequencing and by immunoblotting; using
non-reducing conditions, TTR was found by immunoblot-
ting in a high molecular weight complex, which reacted also
for apolipoprotein A-I (apoA-I). The amount of TTR
present in HDL (HDL-TTR), as quantified by ELISA corre-
sponded to 1–2% of total plasma TTR. However, no detect-
able TTR levels were found in HDL fraction from 6 of the
hyperlipidemic subjects. No correlation was found between
the lack of TTR in HDL and plasma levels of total, LDL-, or
HDL-associated cholesterol as well as levels of apoA-I and
total plasma TTR. Ligand binding experiments showed that
radiolabeled TTR binds to the HDL fraction of individuals
with HDL-TTR but not to the corresponding fractions of in-
dividuals devoid of HDL-TTR, suggesting that HDL compo-
sition may interfere with TTR binding. The component(s)
to which TTR binds in the HDL fraction were investi-
gated.  Polyclonal antibody against apoA-I was able to
block the interaction of TTR with HDL, suggesting that the
interaction of TTR with the HDL particle occurs via apoA-I.
This hypothesis was further demonstrated by showing the
formation of a complex of TTR with HDL and apoA-I by
crosslinking experiments. Furthermore, anti-apoA-I immu-
noblot under native conditions suggested the existence of
differences in HDL particle properties and/or stability be-
tween individuals with and without HDL-TTR.

 

—Sousa,
M. M., L. Berglund, and M. J. Saraiva.

 

 Transthyretin in high
density lipoproteins: association with apolipoprotein A-I.

 

J. Lipid Res.

 

 2000. 

 

41:

 

 58–65.

 

Supplementary key words

 

amyloidosis 

 

•

 

 high density lipoproteins 

 

•

 

transthyretin 

 

•

 

 apolipoprotein A-I

 

Transthyretin, TTR, is a serum tetrameric protein con-
sisting of four identical subunits of approximate molecu-
lar mass 14 kDa and is highly conserved in evolution (1).
It is synthesized early in development in particular by the

 

liver and the choroid plexus of the brain, although other
tissues have been reported to express TTR, but to a much
lesser extent (2). Plasma TTR derives mostly from the
liver and acts as a transport protein for thyroxine (T

 

4

 

) and
also retinol (vitamin A) (3); in the latter case this is ac-
complished by the formation of a 75 kDa complex with
retinol-binding protein (RBP) (4). Human RBP is a single
polypeptide chain with a molecular mass of 

 

,

 

21 kDa and
a single binding site for one molecule of retinol. Holo-
RBP strongly interacts with TTR and normally circulates
as a 1:1 molar TTR-RBP complex. Several point mutations
in TTR have been described, the most common being a
Val for Met substitution at position 30 (5). Most of these
TTR mutations are associated with familial amyloidotic
polyneuropathy (FAP). FAP is an autosomal dominant dis-
ease characterized by the extracellular deposition of TTR
amyloid fibrils in various tissues, primarily in the periph-
eral nervous system (6).

A number of studies have revealed that apolipoprotein
E (apoE) is present in all types of amyloidosis (7) and that
other apolipoproteins are also important constituents of
amyloid fibrils. For instance, apolipoprotein B (apoB) in
addition to apoE has been found in amyloid fibrils in the
brain of patients with Alzheimer’s disease (8). In this amy-
loid-related disorder, the allele apoE-4 is now used as a
genetic risk factor (9). Variant forms of apolipoprotein A-I
(apoA-I) are also related with familial amyloidosis (10),
characterized by the deposition of N-terminal fragments
of this protein.

In previous studies in Japanese FAP patients carrying a
TTR Met30 mutation, TTR was found to be associated
with lipoproteins (11). In particular, both the HDL and

 

Abbreviations: ABTS, 2,2

 

9

 

-azino-bis (3-ethylbenzthiazoline-6-sulfonic
acid); CAPS, 3-(cyclohexylamino)-1-propanesulfonic acid; DMSO, di-
methylsulphoxide; DTSP, 3,3

 

9

 

-dithio-bis (propionic acid N-hydroxysuc-
cinimide ester); FAP, familial amyloidotic polyneuropathy; HDL-TTR,
TTR carried in high density lipoprotein; HPLC, high performance liq-
uid chromatography; PBS, phosphate-buffered saline; PVDF, poly-
vinylidene difluoride; RBP, retinol binding protein; TFA, trifluoroacetic
acid; TTR, transthyretin; T
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, thyroxine.
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LDL fractions were reported to contain TTR (11). TTR
was present in the HDL fraction to the same extent both
in normal individuals and FAP Met30 patients, whereas
the LDL fraction from the FAP Met30 patients showed
higher amounts of TTR than normal individuals. How-
ever, virtually nothing was known about the nature of the
association between TTR and lipoproteins or about its
possible significance. To further investigate the relation-
ship between lipoproteins and TTR, we addressed the mo-
lecular basis for this association in normal and hyperlipi-
demic individuals, as well as in FAP patients representing
several different TTR mutations.

METHODS

 

Subjects

 

A total of 38 Portuguese subjects, 9 normal individuals, 19 hy-
perlipidemic subjects, and 10 FAP patients with different TTR
mutations participated in the study. For the purpose of this study,
the normal subjects had total cholesterol levels 

 

<

 

200 mg/dL,
and hyperlipidemic subjects were classified as total cholesterol

 

.

 

200 mg/dL. One of the hyperlipidemic subjects had cirrhosis
of the liver. The FAP patients consisted of 6 heterozygous and 2
homozygous for the TTR Met30 mutation and 1 heterozygotic
carrier for each of the TTR mutations Pro52 and Arg50. TTR
mutations in the FAP patients were verified by single-strand con-
formation polymorphism (SSCP), followed by exon sequencing,
as described previously (12). All FAP patients presented the char-
acteristic clinical picture of FAP (13). The study was conducted
following the guidelines of the Declaration of Helsinki.

 

Lipoprotein isolation and analysis

 

Blood samples were obtained after an overnight fast and were
drawn into EDTA-containing tubes. Plasma was obtained after
centrifugation of the tubes at 3,000 rpm for 20 min at 4

 

8

 

C. Total
cholesterol and triglyceride levels were measured using standard
enzymatic procedures (Boehringer Mannheim, GmbH, and Sen-
tinel, respectively). HDL cholesterol levels were measured after
precipitation of apoB-containing lipoproteins using phospho-
tungstic acid (14) and LDL cholesterol levels were measured
using polyvinylsulfate (15) (Boehringer Mannheim, GmbH).
ApoA-I levels were measured by radial immunodiffusion (The
Binding Site) (16). Plasma samples were applied diluted 1:10 in
phosphate-buffered saline (PBS) and calibrators for the standard
curve ranged from 27 to 270 mg/dL. To separate lipoproteins,
250 

 

m

 

L of each plasma sample was fractionated by gel filtration
on a 150 mL column of Superose 12 Prepgrade (1.6 cm 

 

3

 

 10 cm)
(Pharmacia Biotech) equilibrated with PBS. The chromatogra-
phy was performed at 20 mL/h and fractions of 1 mL were col-
lected. Identification of lipoprotein fractions was performed by
quantification of cholesterol in the eluted fractions (cholesterol
enzyme reagent-Human, GmbH) (17). For some of the studies,
plasma lipoproteins were also isolated by vertical rotor ultracen-
trifugation (Beckman). The LDL fraction was isolated in the
d 1.019–1.063 g/mL density range, and the HDL fraction in the
d 1.063–1.21 g/mL density range (18). Bottom fractions (delipi-
dated plasma) were dialyzed overnight against PBS for subse-
quent studies. When indicated, HDL were delipidated as de-
scribed by Menzel and Uterman (19).

 

TTR measurements

 

Plasma TTR levels were determined using radial immunodiffu-
sion (The Binding Site). TTR presence in the eluted fractions

was assessed by a quantitative enzyme-linked immunoreactive
assay (ELISA). Ninety-six well plates (Maxisorp-Nunc) were coated
overnight at 4

 

8

 

C with 1:500 diluted polyclonal anti-rabbit TTR
(Dako A/S) and blocked with 5% skim milk in PBS. Each gel fil-
tration sample, diluted 1:10 in PBS, was applied to the wells for 1 h
at room temperature. Development was performed with peroxidase-
conjugated anti-human TTR (The Binding Site) 1:500 diluted in
PBS–0.05% Tween20 (PBS-T) and 2,2

 

9

 

-azino-bis (3-ethylbenzthi-
azoline-6-sulfonic acid) (ABTS)/H

 

2

 

O

 

2

 

. TTR concentration in the
fractions was calculated from a standard curve ranging from 5 to
200 ng/mL.

 

Transthyretin iodination

 

TTR was isolated from human serum by preparative gel elec-
trophoresis after ion exchange chromatography according to
Almeida et al. (20). TTR was iodinated following the iodogen
method. Briefly, to reaction tubes coated with 10 

 

m

 

g iodogen
(Sigma), 1 mCi, 37 MBq Na 

 

125

 

I (Amersham Life Science) was
added, followed by 20 

 

m

 

g TTR in PBS. The reaction was allowed
to proceed in a ice bath for 10 min. The iodination mix was fi-
nally transferred to a 5 mL Sephadex G50 column (Pharmacia)
to separate labeled protein from free iodide.

 

Electrophoresis and blotting

 

Proteins were separated using a continuous gradient (5–20%)
SDS-PAGE unless stated otherwise or native conditions for 2 h at
150 V. Gels were stained with Coomassie or silver nitrate. Proteins
were transferred to nitrocellulose (Schleicher & Schüll, 0.45 

 

m

 

m).
For TTR, apoA-I and apoA-II immunodetection, blots were satu-
rated in 5% skim milk in PBS 1 h at room temperature followed by
incubation 1 h with 1:500 diluted polyclonal rabbit anti-TTR
(Dako A/S), polyclonal rabbit anti-apoA-I (Calbiochem) or anti-
apoA-II (Calbiochem), respectively. For detection of apoA-I after
separation in native gels, blots were incubated with a monoclonal
antibody against residues 25 to 82 of mature apoA-I (Sanofi Inc.).
TTR, apoA-I and/or apoA-II were visualized using peroxidase-con-
jugated goat anti-rabbit Ig (Amersham Life Science) or peroxi-
dase-conjugated anti-mouse Ig and 4-chloronaphthol/H

 

2

 

O

 

2

 

.

 

Ligand blotting experiments

 

HDLs either isolated by gel filtration or by ultracentrifugation
were immobilized in nitrocellulose under vacuum. Membranes
were saturated as above and then incubated for 3 h at room tem-
perature with 500,000 cpm iodinated TTR in PBS-T. Membranes
were extensively washed in PBS-T and exposed overnight at

 

2

 

70

 

8

 

C for autoradiography. Immobilized albumin was used as a
negative control of the ligand binding experiments. For inhibi-
tion experiments, HDLs were incubated for 1 h at 37

 

8

 

C with
either polyclonal rabbit anti-apoA-I (Calbiochem) or anti-apoA-II
(Calbiochem) diluted 1:100 in PBS, prior to immobilization in
the membrane.

 

Protein sequence analysis

 

Protein separated by SDS-PAGE was transferred to a polyvi-
nylidene difluoride (PVDF) membrane in 10% methanol, 10 m

 

m

 

3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) buffer. Se-
quence analysis was performed in an Applied Biosystems model
470A gas-phase sequencer equipped with a 120A PTH analyser.

 

High performance liquid chromatography (HPLC)

 

TTR was separated from other proteins present in the HDL-
rich region by reverse phase HPLC. About 6 pools of the HDL frac-
tion were loaded on a Resource 15RPC 1 mL column (Pharmacia
Biotech), in a Gilson HPLC system in 0.05% trifluoroacetic acid
(TFA) containing 10% acetonitrile; elution was carried out on a
10–60% acetonitrile gradient as previously described (5).
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Crosslinking of 

 

125

 

I-TTR to HDL

 

125

 

I-labeled TTR (50,000 cpm) was incubated 1 h at room tem-
perature with 1 

 

m

 

g of HDL or 1 

 

m

 

g of apoA-I (Calbiochem) in
the presence of 1 m

 

m

 

 of 3,3

 

9

 

-dithio-bis (propionic acid N-

hydroxysuccinimide ester) (DTSP) (Sigma). DTSP was prepared
100-fold concentrated in dimethylsulfoxide (DMSO). The
crosslinked products were separated on a 12% SDS-PAGE and vi-
sualized by autoradiography after overnight exposition at 

 

2

 

70

 

8

 

C.

 

RESULTS

 

TTR and serum lipid quantification

 

As seen in 

 

Table 1

 

 and 

 

Table 2

 

, the mean plasma TTR
levels of the healthy and the hyperlipidemic subjects (26.4 

 

6

 

2.9 mg/dL and 26.8 

 

6

 

 2.7 mg/dL, respectively) were in
the same range as previously established for normal sub-
jects (21). For the FAP patients heterozygous for the
Met30 mutation, TTR levels were lower (18.0 

 

6

 

 0.8 mg/dL)
and in good agreement with earlier studies on FAP pa-
tients (21). Total plasma cholesterol levels reflected the
recruitment of normal and hyperlipidemic subjects, being

 

,

 

200 mg/dl in the normal subjects (Table 1) and 

 

.

 

200
mg/dl in the hyperlipidemic subjects (Table 2). In the lat-
ter group, HDL cholesterol levels ranged from 16 to 113
mg/dl and 7 of the 19 hyperlipidemic subjects had triglyc-
eride levels 

 

.

 

200 mg/dl. For all FAP patients studied, total
cholesterol levels were similar to normals, while mean
HDL cholesterol levels were higher (Table 1).

 

TTR in HDL

 

Plasma samples from all 38 subjects were fractionated
by gel filtration as described in the previous section. The
lipoprotein-rich region was identified by cholesterol mea-
surements in the eluted fractions, and as seen in 

 

Fig. 1

 

,
two major cholesterol peaks, corresponding to LDL and

 

TABLE 1. Total and HDL-associated TTR levels in individuals 
with normal cholesterol levels

 

Subjects TTR HDL-TTR Total Chol HDL-Chol

 

mg/dL

 

Normal
1 25.7 0.32 169 58
2 27.3 0.24 181 29
3 28.3 0.5 184 32
4 29.2 0.33 200 31
5 28.5 0.23 139 21
6 18.5 0.34 137 26
7 26.0 0.41 184 20
8 27.5 0.33 173 25
9 26.0 0.32 183 26

Mean 

 

6

 

 SE 26.4 

 

6

 

 2.9 0.34 

 

6

 

 0.08 172 

 

6

 

 19 31 

 

6

 

 11

Met30 het
1 17.2 0.42 191 79
2 22.3 0.34 153 84
3 15.6 0.32 174 74
4 23.9 0.41 176 71
5 14.8 0.31 124 21
6 14.1 0.34 156 29

Mean 

 

6

 

 SE 18.0 

 

6

 

 0.8 0.35 

 

6

 

 0.04 162 

 

6

 

 21 68 

 

6

 

 40

Met30hm2 17.4 0.32 171 31
Arg50 het 20.7 0.31 156 29
Pro52 het 23.9 0.33 164 39

Met30 het, Arg50 het, and Pro52 het refer to heterozygous FAP
patients carrying these mutations, whereas Met30hm2 refers to a ho-
mozygous carrier; Chol, cholesterol.

 

TABLE 2. Total TTR and apoA-I levels in hypercholesterolemic individuals

 

Subjects TTR HDL-TTR Total Chol HDL TG ApoA-I

 

mg/dL

 

Hypercholesterolemic individuals with HDL-TTR
2 27.2 0.24 211 79 92 122
4 30.9 0.42 306 26 239 214
5 26.6 0.51 306 26 239 160
6 26.9 0.34 255 37 94 250
7 26.1 0.32 292 37 101 156
8 28.4 0.41 262 26 102 215
9 27.2 0.25 262 41 40 182
11 25.0 0.34 291 30 147 214
12 27.3 0.29 282 28 62 193
13 18.3 0.24 326 113 108 181
15 29.5 0.33 244 63 106 219
16 27.5 0.23 236 74 166 232
17 27.5 0.33 232 76 70 114
18 26.5 0.24 225 27 199 158

Mean 

 

6

 

 SE 26.8 

 

6

 

 2.7 0.32 

 

6

 

 0.08 266 

 

6

 

 34 49 

 

6

 

 26 126 

 

6

 

 61 186 

 

6

 

 39

Hypercholesterolemic individuals devoid of HDL-TTR
1 25.3 0 279 34 220 196
3 28.7 0 294 30 227 278
10 28.3 0 282 32 218 218
14 30.5 0 320 66 158 186

Mean 

 

6

 

 SE 28.2 

 

6

 

 2.2 0 249 

 

6

 

 18 40 

 

6

 

 6 206 

 

6

 

 32 220 

 

6

 

 41

Cyrrhotic 12.4 0 414 16 363 150
Met30hm1 15.2 0 252 26 784 129

Met30hm1, homozygous carrier of TTR Met 30 mutation; Chol, cholesterol.
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HDL, respectively, could be identified in all subjects. The
same fractions were also analyzed for TTR content by
quantitative ELISA measurements, and two peaks of TTR
were observed, a major peak eluting in fractions 55–80,
corresponding to free TTR, and a smaller peak, co-eluting
with the HDL fraction (Fig. 1). It has been reported that a
small proportion of TTR circulates as a free form of 56
kDa while the majority of TTR circulates as part of a 1:1
molar complex with RBP (75 kDa) (4). Using the present
gel filtration conditions, with an optimal separation of the
different lipoprotein fractions, we were unable to separate
these two non-lipoprotein TTR forms which together con-
stituted the major TTR peak. However, the presence of an
HDL-associated TTR peak was found in all the 9 normal
individuals, in the FAP patients (except for one homozy-
gous Met 30 patient), and in 14 hypercholesterolemic in-
dividuals, the majority of the subjects. The TTR level of
this peak (HDL-TTR) ranged from 0.24 to 0.51 mg/dl
and the total HDL-TTR content corresponded to about
1–2% of the plasma TTR levels (Table 1). Using one of
the above plasma samples but devoid of lipoproteins (bot-
tom fraction) with the same gel filtration conditions, the
TTR peak previously observed in the HDL region was now
absent. This evidence strongly suggested that this TTR
fraction in fact circulates bound to HDL. Interestingly, as
seen in Fig. 1, no TTR was present in the LDL fractions. In
6 of the subjects, we could not detect any TTR associated
with HDL (Table 2). These subjects were all hyperlipi-
demic (5 hyperlipidemic patients and 1 FAP patient ho-
mozygous for the Met 30 mutation who also was hyperlipi-
demic). An example of a lipoprotein profile lacking TTR
in the HDL region is shown in 

 

Fig. 2

 

. Though individuals
lacking HDL-TTR belong to a hypercholesterolemic pop-
ulation, this was not related either with total cholesterol
or with LDL/HDL-associated cholesterol levels: individu-
als with similar cholesterol profiles were found in the hy-
perlipidemic population that contained HDL-TTR. As

apoA-I is the main apolipoprotein present in HDL, we an-
alyzed apoA-I levels in all the subjects. There was no corre-
lation between apoA-I levels and presence or absence of
HDL-TTR. Further, there was no correlation between total
TTR levels and HDL-TTR levels in all the groups studied.
Also, the absence of TTR from HDL observed in some of
the individuals was not related to total TTR levels as these
were within the normal range (28.2 

 

6

 

 2.2 mg/dL) (see
Table 2).

In order to further ascertain that TTR immunoreactiv-
ity in the HDL region was in fact part of the HDL particle,
continuous gradient SDS-PAGE of the isolated HDL frac-
tion was performed both under non-reducing and reduc-
ing conditions (

 

Fig. 3A

 

). TTR was not detected by protein
staining but was visualized by anti-TTR immunostaining.
Under non-reducing conditions, a high molecular mass
complex of 

 

,

 

200 kDa staining for anti-TTR was observed
(Fig. 3A, panel a, lane 1). This complex reacted also with
apoA-I, the main apolipoprotein component of HDL (Fig.
3A, panel b, lane 1) and apoA-II (Fig. 3A, panel c, lane 1),
thus showing that this 200 kDa complex is HDL-related.
As a control for the experiment, isolated TTR was also run
on a continuous gradient SDS-PAGE under non-reducing
conditions and only the TTR monomer of 14 kDa was ob-
served (not shown). When the complex was delipidated
and analyzed under non-reducing conditions, TTR, apoA-I,
and apoA-II presented the molecular masses correspond-
ing to the isolated proteins (14, 28 and 17 kDa, respec-
tively) (Fig. 3A, lane 2 of each panel). Therefore, under
conditions that disassemble the HDL vesicle, such as de-
lipidation, TTR is released as well as the other apolipopro-
tein components. The same experiment with delipidated
HDL, but under reducing conditions, showed that only
apoA-II is reduced to its monomeric form (Fig. 3A, panel
c, lane 3), whereas TTR and apoA-I present the same mo-
lecular mass as the corresponding isolated proteins (Fig.
3A, panels a and b, lane 3, respectively). These data dem-

Fig. 1. Representative profiles of total protein, TTR, and cholesterol of total plasma fractionated by gel filtration from individuals with
HDL-TTR.
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onstrated that the association between TTR and lipopro-
teins occurs non-covalently. To further verify the presence
of TTR in HDL, HDL fractions isolated by sequential ultra-
centrifugation were subjected to TTR immunoblotting. Es-
sentially the same results were obtained (data not shown).

HDLs from individuals with and without HDL-TTR iso-
lated by gel filtration were further compared by anti-apoA-
I immunoblot under native conditions. Differences in mi-
gration were observed between both groups of individuals
(Fig. 3B) suggesting the existence of differences between
the corresponding HDL. In individuals with HDL-TTR,
the HDL vesicle, assessed by anti-apoA-I immunostaining,

shows a faster migration (Fig. 3B, lanes 1 and 4) than the
corresponding HDL of individuals devoid of HDL-TTR
(Fig. 3B, lanes 2 and 3). The stability of the HDL vesicle in
individuals devoid of HDL-TTR seems to be decreased with
apoA-I being released under the native electrophoretic
conditions used (Fig. 3B, lanes 2 and 3, lower arrow).

To further characterize TTR in HDL, HDL protein
components from a pool of HDL fractions isolated by gel
filtration were separated by reverse phase HPLC. A pro-
tein peak corresponding to the position where TTR nor-
mally elutes (5) was analyzed on SDS-PAGE and a band of
14 kDa was electroblotted and subjected to N-terminal se-

Fig. 2. Representative profiles of total protein, TTR, and cholesterol of total plasma fractionated by gel filtration from individuals devoid
of HDL-TTR.

Fig. 3. A: Immunoblot analysis on continuous gradient (5–20%) SDS-PAGE of the HDL-rich region from an individual with HDL-TTR.
Panel a. anti-TTR; panel b. anti-apoA-I; panel c. anti-apoA-II. 1. Intact HDL vesicle under non-reducing conditions; 2. delipidated HDL un-
der non-reducing conditions; and 3. delipidated HDL under reducing conditions. B: Anti-apoA-I immunoblot analysis under native condi-
tions of the HDL-rich fraction isolated by gel filtration from 2 individuals devoid of HDL-TTR (lanes 2 and 3) and 2 individuals with HDL-
TTR (lanes 1 and 4). The upper arrows indicate HDL bound apoA-I presenting a faster migration in individuals with HDL-TTR (lanes 1 and
4). The lower arrow indicates free apoA-I partially released in individuals devoid of HDL-TTR (lanes 2 and 3).
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quencing; the sequence obtained, XPTGTGESK, corre-
sponds to the N-terminal sequence of TTR, definitively
proving the presence of TTR in HDL.

 

Ligand binding of 

 

125

 

I-labeled TTR to immobilized HDL

 

Ligand binding studies were performed in individuals
either having or lacking HDL-TTR. As seen in 

 

Fig. 4.1 A

 

,
binding of 

 

125

 

I-labeled TTR to membrane-immobilized
samples from the HDL fraction isolated by gel filtration
was observed in individuals containing HDL-TTR. In con-
trast, no binding was seen to the HDL-rich region of plas-
mas devoid of HDL-TTR (Fig. 4.1 B). Control experi-
ments using samples from the LDL fraction showed no
binding to 

 

125

 

I-labeled TTR (data not shown), further
demonstrating the inability of TTR to bind to LDL. As
apoA-I is the major apolipoprotein in HDLs and as this
apolipoprotein seems to be released from HDL more easily
in individuals devoid of HDL-TTR (Fig. 3B), we investi-
gated next whether TTR binding to HDL occurs through
this protein. Ligand binding assays were performed using
different concentrations of HDLs isolated by ultracentrif-
ugation with and without prior incubation with polyclonal
rabbit anti-apoA-I (Fig. 4.2). Anti-apoA-I was able to block

 

125

 

I-labeled TTR binding to HDLs thus suggesting that the
interaction of TTR with HDL occurs via apoA-I. The same
experiment was performed with anti-apoA-II in order to
rule out the possibility that binding inhibition occurred due

to steric hindrance caused by the antibody. However, anti-
apoA-II did not inhibit TTR binding to HDL (not shown).

 

Crosslinking of 

 

125

 

I-labeled TTR to isolated
HDL and apoA-I

 

In order to further demonstrate that the interaction of
TTR with HDL is through binding to apoA-I, 

 

125

 

I-labeled
TTR was crosslinked to both isolated HDL and apoA-I using
DTSP (

 

Fig. 5

 

). DTSP is expected to conjugate existing in-
teractions between proteins. This crosslinker, also known
as Lomant’s reagent, is a homofunctional N-hydroxysuc-
cinimide ester (NHS-ester) with a spacer arm length of 12
Å. Primary amines are the principal targets for NHS-
esters. As the 

 

a

 

-amine groups on the N-termini of pep-
tides are seldom available, the reaction with the 

 

j

 

-amines
of lysines is the principal target of this crosslinker. As a
control to the experiment, 

 

125

 

I-labeled TTR (Fig. 5, lane
1), and 

 

125

 

I-labeled TTR crosslinked (Fig. 5, lane 2) are
shown. Upon crosslinking of 

 

125

 

I-labeled TTR alone, TTR
polymers are formed (Fig. 5, lane 2) and still both dimeric
(28 kDa) and tetrameric (56 kDa) forms can be observed.
A complex of 

 

,

 

80 kDa (Fig. 5, lane 3) corresponding to
TTR bound to HDL was formed, showing the interaction
of TTR with the HDL vesicle. The size of this complex is
compatible with crosslinking of tetrameric TTR to HDL
via apoA-I. To investigate this hypothesis, similar crosslink-
ing experiments were performed using 

 

125

 

I-labeled TTR
and isolated apoAI (Fig. 5, lane 4). Again, a complex of

 

,

 

80 kDa was formed showing that TTR interaction with
HDL occurs through apoA-I. In a parallel experiment,
TTR did not crosslink to apoA-II, further corroborating
the specificity of TTR-apoA-I binding.

DISCUSSION

The main finding of the present study was the associa-
tion of TTR with HDL through interaction with apoA-I.

Fig. 4. Ligand binding of 125I-labeled TTR to membrane immobi-
lized HDL. 4.1: Fractions isolated by gel filtration. A, individual
with HDL-TTR (fractions 36–42 from Fig. 1); B, individual devoid
of HDL-TTR (fractions 35–41 from Fig. 2). 4.2: A, HDL isolated by
ultracentrifugation (100, 10, and 1 mg/well); B, HDL isolated by
ultracentrifugation (100, 10, and 1 mg/well) blotted after prior in-
cubation with polyclonal anti-apoA-I.

Fig. 5. Crosslinking of TTR to HDL and apoA-I; autoradiography
of 12% SDS-PAGE of lane 1, 125I-labeled TTR; lane 2, 125I-labeled
TTR crosslinked with DTSP; lane 3, 125I-labeled TTR and HDL
crosslinked with DTSP; lane 4, 125I-labeled TTR and apoA-I cross-
linked with DTSP.
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Human plasma lipoproteins comprise a spectrum of mac-
romolecules that exhibit a high range of particle size, hy-
drated density, molecular mass, and a broad diversity of
lipid and protein composition (22). The HDL range in-
cludes a highly heterogeneous class of lipoprotein parti-
cles that interact with a wide variety of cells and although
reverse cholesterol transport has been associated with the
HDL fraction, other functions have also been suggested
(23–25). However, it is likely that HDL might mediate sev-
eral still poorly defined physiological functions.

The major protein constituents of the HDL fraction are
apoA-I and apoA-II, although apoA-IV, C, D and E have
also been found in association with this fraction (26). The
apoA-I content has been associated with the anti-athero-
genic properties of HDL, as HDL particles carrying apoA-I,
in contrast to particles carrying both apoA-I and apoA-II,
have been shown to be negative risk factors that are associ-
ated with cardioprotection (26–28). In addition, several
other proteins have been associated with HDL, some of
which have enzymatic function (25). Recently, interest has
focused on paraoxonase, an enzyme associated with HDL,
also suggested to be a negative risk factor associated with
cardioprotection (25). These studies demonstrate that the
protein content of HDL is complex and suggest that a
number of proteins may be carried in this fraction. As the
functional specificity of plasma lipoproteins resides mostly
in the apolipoprotein moieties, it is of importance to
clearly identify proteins bound to lipoprotein fractions.
Previous studies on patients with TTR mutations such as
the FAP Met30 mutation have suggested apolipoprotein ab-
normalities in lipoproteins, such as a decreased apoA-II/
apoA-I ratio, possibly due to changed affinity of apoA-II to
the HDL fraction (11). Although the role of apoA-II in
HDL metabolism and atherogenicity has not been clari-
fied, the results suggest that variations in lipoproteins
and/or their apolipoprotein content may participate in
an altered lipid metabolism and/or amyloid formation in
patients with amyloidosis. Previous studies on Japanese
FAP patients (11) showed TTR presence in HDLs but no
information was given relating to the percentage of the
total TTR pool that circulates bound to this lipoprotein
nor on the nature of this association.

In HDL isolated by gel filtration, our study demon-
strates that in most individuals a fraction of TTR identi-
fied by immunochemical and sequencing methods, con-
stituting approximately 1%–2% of the total TTR plasma
concentration, circulates bound to the HDL fraction. The
association with TTR appeared to be specific to HDL, as
we did not detect any presence of TTR in other lipopro-
tein fractions. The possibility of coelution of a higher mo-
lecular weight form of TTR and HDL without interaction
between them was ruled out as we performed HDL isola-
tion by ultracentrifugation and identified TTR also in this
particle. Furthermore, in delipidated plasma, TTR was not
detected in the fraction corresponding to elution of HDL
in complete plasma. This evidence also excludes the possi-
bility of circulation of aggregated high molecular mass
TTR. As TTR has high affinity binding sites for RBP, we
also tested the HDL-rich fraction containing TTR for pres-

ence of RBP. However, RBP was not detected (data not
shown), demonstrating that TTR is associated with HDL
in a non-RBP bound form.

In all individuals with normal cholesterol levels, TTR
was present in the HDL fraction. In subjects with high
cholesterol levels, we identified 6 subjects (5 subjects with
hypercholesterolemia and 1 dyslipidemic FAP patient ho-
mozygous for the Met30 TTR mutation) where the HDL
fraction was devoid of TTR. However, there was no corre-
lation between the absence of TTR in the HDL fraction
on one hand and total TTR or cholesterol levels on the
other hand, and we did detect the presence of TTR in
other subjects with high cholesterol levels. A potential dif-
ference in HDL structure or composition in subjects with
and without HDL-TTR was not related to cholesterol con-
tent or apoA-I levels. Further studies are needed to clarify
the underlying mechanisms resulting in absence of HDL-
TTR in some hypercholesterolemic subjects. However, our
finding that HDL in subjects with HDL-TTR presents a
faster migration under native conditions than HDL from
individuals devoid of HDL-TTR, and that in the latter
apoA-I is partially released from the HDL particle, sug-
gested the existence of a difference in HDL particle prop-
erties and/or stability between the groups of individuals.
In Japanese FAP patients it had been shown (11) that
HDLs presented an increased negative charge, suggesting
that in these individuals the nature of HDL itself may be
changed. The ability of HDL to bind 125I-labeled TTR as
assessed by blotting experiments on the HDL-rich region
and HDL isolated by ultracentrifugation varied between
individuals. In none of the subjects with absence of TTR
in the HDL fraction did we detect any binding of 125I-
labeled TTR to HDL in vitro, while this was always seen in
individuals with TTR present in HDL. These results sug-
gest that lipoprotein composition or metabolism could
have impact on TTR binding. No differences between the
free and bound pools of TTR were seen with the methods
used; upon release from delipidated HDL, TTR has the
same migration on SDS gels (Fig. 3A), the same N-terminal
sequence and presented the same retention time on the
reverse HPLC column as the isolated protein, thus having
identical hydrophobic properties as free TTR. In individu-
als with HDL-TTR, free TTR is able to bind HDL as as-
sessed by ligand binding studies (Fig. 4.1A). The extent of
exchange between free and bound TTR in vivo should be
addressed by other types of studies.

To further characterize the nature of TTR interaction
with HDLs, we attempted successfully to block binding
with a polyclonal antibody against apoA-I. Anti-apoA-I was
chosen for these experiments not only because apoA-I
represents the major apolipoprotein in HDL but also be-
cause we observed that under native conditions this pro-
tein is partially released from HDL of individuals devoid
of HDL-TTR. Blocking TTR binding to HDL by the use of
anti-apoA-I was the first evidence of the fact that TTR is
binding to HDL via apoA-I. Crosslinking of TTR with
HDL and apoA-I showed in both instances the formation
of a complex with ,80 kDa corresponding to a molecular
complex of TTR and apoA-I. Several reports have suggested
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that apolipoproteins play an important role in amyloid for-
mation, and apoE is found in amyloid fibrils in all types of
amyloidosis. In Alzheimer’s disease, the apoE4 allele is
considered to be a genetic risk factor (29). Extensive work
has been performed relating to the Alzheimer’s amyloid b
peptide interaction with the HDL fraction. Studies have
shown that the soluble b peptide is associated with lipo-
protein particles, in particular to HDL fractions, where it
is mainly complexed to apoJ and also to a lesser extent to
apoA-I (30). It cannot be excluded that the presence of
TTR in HDL could be significant in both TTR metabolism
and FAP, though this study demonstrated that the FAP-
related mutations, TTR Met 30, Arg 50, and Pro 52, did
not interfere with the formation of the HDL-TTR com-
plex. However, further studies are needed to assess the
impact of HDL binding on TTR metabolism. The current
strain of transgenic mice carrying human TTR Met30 on a
TTR null mouse background (31) could be useful to assess
the physiological meaning of HDL-TTR. However, prelim-
inary experiments in our laboratory on the plasma of this
mouse strain did not detect human TTR in association
with mouse HDL. Also, in vitro experiments were unable
to show reconstitution of human TTR binding to isolated
mouse HDL.

This work was supported by a grant from PRAXIS XXI (BIA/
459/94) from Portugal. M. M. Sousa is a recipient of a fellow-
ship from the Gulbenkian PhD Program in Biology and Medi-
cine. Dr. Berglund is an Established Scientist of the American
Heart Association, New York City Affiliate.

Manuscript received 10 July 1999, in revised form 20 September 1999, and in
re-revised form 5 October 1999.

REFERENCES

1. Blake, C. C. F., and I. D. A. Swan. 1972. An X-ray study of the sub-
unit structure of prealbumin. J. Mol. Biol. 61: 217–224.

2. Soprano, D. R., K. J. Soprano, E. A. Schon, and D. S. Goodman.
1985. Demonstration of transthyretin mRNA in the brain and
other extrahepatic tissues in the rat J. Biol. Chem. 260: 11793–
11798.

3. Raz, A., T. Shiratori, and D. S. Goodman. 1970. The interaction of
thyroxine with human plasma prealbumin and with prealbumin
retinol-binding complex. J. Biol. Chem. 245: 1903–1912.

4. Goodman, D. S. 1984. Plasma retinol-binding protein. In The Ret-
inoids. 2: 41–48.

5. Saraiva, M. J., S. Birken, P. P. Costa, and D. S. Goodman. 1983.
Amyloid fibril protein in familial amyloidotic polyneuropathy Por-
tuguese type: definition of molecular abnormality in transthyretin
(prealbumin). J. Clin. Invest. 74: 104–119.

6. Saraiva, M. J. 1995. Transthyretin mutations in health and disease.
Human Mut. 5: 191–196.

7. Westermark, P. 1998. The pathogenesis of amyloidosis: under-
standing general principles Am. J. Pathol. 152: 1125–1127.

8. Handelmann, G. E., J. K. Boyles, K. H. Weisgraber, R. W. Mahley,
and R. E. Pitas. 1992. Effects of apolipoprotein E, b-very low den-
sity lipoprotein, and cholesterol on the extension of neurites by
rabbit dorsal root ganglion neurons in vitro. J. Lipid Res. 33: 1677–
1688.

9. Davignon, J., R. E. Gregg, and C. F. Sing. 1988. Apolipoprotein E
polymorphism and atherosclerosis. Atherosclerosis. 8: 1–21.

10. Genschet, J., R. Haas, M. J. Propsting, and H. H. Schmidt. 1998.
Apolipoprotein A-I-induced amyloidosis. FEBS Lett. 430: 145–149.

11. Tanaka, Y., Y. Ando, T. Kumamoto, A. Miyazaki, M. Nakamura, S.
Araki, and M. Ando. 1996. Changed affinity of apolipoprotein AII
to high density lipoproteins in patients with familial amyloidotic
polyneuropathy (FAP) type I. Biochim. Biophys. Acta. 1225: 311–
316.

12. Torres, M. de F., M. R. Almeida, and M. J. Saraiva. 1995. TTR exon
scanning in peripheral neuropathies. Neuromuscular Disord. 5: 187–
191.

13. Andrade, C., S. Araki, W. D. Block, A. S. Cohen, C. E. Jackson, Y.
Kuroiwa, J. Nissim, E. Sohar, V. A. McKusick, and M. W. Van Allen.
1970. Hereditary amyloidosis. Arthritis Rheum. 13: 902–915.

14. Burstein, M., H. R. Scholnick, and R. Morfin. 1970. Rapid method
for the isolation of lipoproteins from human serum by precipita-
tion with polyanions. J. Lipid Res. 11: 853–895.

15. Assmann, G. 1979. Lipoproteine und Herzinfarkt, Witzstrock-Ver-
lag, Baden-Baden.

16. Mancini, G., A. Q. Carbonara, and J. F. Heremans. 1965. Immu-
nochemical quantification of antigens by single radial immunodif-
fusion. Immunochemistry. 2: 235–254.

17. Siedel, J., E. O. Hagele, and A. W. Wahlefeld. 1983. Reagent for
the enzymatic determination of serum total cholesterol with im-
proved lipolytic efficiency. Clin. Chem. 29: 1075–1080.

18. Vieira, O. V., J. A. N. Laranjinha, V. M. C. Madeira, and L. M.
Almeida. 1996. Rapid isolation of low density lipoproteins in a
concentrated fraction free from water-soluble plasma antioxi-
dants. J. Lipid Res. 37: 2715–2721.

19. Menzel, H. J., and G. Uterman. 1986. Apolipoprotein E phenotyp-
ing from serum by western blotting. Electrophoresis. 7: 492–495.

20. Almeida, M. R., A. M. Damas, M. C. Lans, A. Brower. and M. J. Sa-
raiva. 1997. Thyroxine binding to transthyretin Met 119. Compara-
tive studies of different heterozygotic carriers and structural analy-
sis. Endocrine. 6: 309–315.

21. Saraiva, M. J., P. P. Costa, and D. S. Goodman. 1983. Studies on
plasma transthyretin (prealbumin) in familial amyloidotic poly-
neuropathy, Portuguese type. J. Lab. Clin. Med. 102: 590–603.

22. Kostner, G., and P. Alaupovic. 1972. Studies of the composition
and structure of plasma lipoproteins. Separation and quantifica-
tion of the lipoprotein families in high density lipoproteins of
human plasma. Biochemistry. 29: 3419–3428.

23. Gordon, R. J., and B. M. Rifkind. 1989. High density lipoprotein—
the clinical implications of recent studies. N. Engl. J. Med. 321:
365–374.

24. Miller, G. J., and N. E. Miller. 1975. Plasma high-density lipopro-
tein concentration and development of ischemic heart disease.
Lancet. 1: 16–19.

25. Navab, M., S. Y. Hama, G. P. Hough, C. C. Hedrick, R. Sorenson,
B. N. La Du, J. A. Kobashigawa, G. C. Fonarow, J. A. Berliner, H.
Laks, and A. M. Fogelman. 1998. High density associated enzymes:
their role in vascular biology. Curr. Opinion. Lipidol. 9: 449–456.

26. Eisenberg, S. 1984. High density lipoprotein metabolism. J. Lipid
Res. 25: 1017–1058.

27. Silverman, D. I., G. S. Ginsburg, and R. C. Pasternak. 1993. High-
density lipoprotein subfractions. Am. J. Med. 94: 636–645.

28. Miller, N. E. 1987. Associations of high-density lipoprotein sub-
classes and apolipoproteins with ischemic heart disease and coro-
nary atherosclerosis. Am. Heart J. 113: 589–597.

29. Mayeux, R., A. M. Saunders, S. Shea, S. Mirra, D. Evans, A. D.
Roses, B. T. Hyman, B. Crain, M. X. Tang, and C. H. Phelps. 1998.
Utilization of the apolipoprotein E genotype in the diagnosis of
Alzheimer’s disease. Alzheimer’s disease consortium on apolipo-
protein E and Alzheimer’s disease. N. Engl. J. Med. 338: 506–511.

30. Biere, A. L., B. Ostaszewski, E. R. Stimson, B. T. Hyman, J. E. Mag-
gio, and D. J. Selkoe. 1996. Amyloid b peptide is transported on
lipoproteins and albumin in human plasma. J. Biol. Chem. 271:
32916–32922.

31. Khono, K., J. A. Palha, K. Miyakawa, M. J. Saraiva, S. Ito, W. S.
Blaner, H. Iijima, S. Tsukahara, V. Episkopou, M. E. Gottesman, K.
Shimada, K. Takahashi, K. Yamamura, and S. Maeda. 1997. Analy-
sis of amyloid deposition in a transgenic mouse model of homozy-
gous familial amyloidotic polyneuropathy. Am. J. Pathol. 150:
1497–1508.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

