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Introduction

Protein folding 
Proteins are involved in virtually every biological process occurring in our 
bodies. The way a newly synthesized polypeptide chain folds to obtain a 
specific three-dimensional structure is a complex and highly efficient proc-
ess.1 Usually, the native state of the folded protein corresponds to the struc-
ture that is most thermodynamically stable under physiological conditions.2

Proteins face harsh conditions, both during and after the folding process, 
and in order for the cell to avoid the aggregation of non-native shaped pro-
teins, a highly effective quality control system has evolved.2 Molecular 
chaperones constitute one of the most important components of this defense 
system.3 Their main functions are to protect and shield non-native protein 
structures from starting to aggregate and to assure that they continue to fold 
properly.3 Another part of the quality control system is the degrading ma-
chinery, in the form of energy-dependent proteases, which are responsible 
for eliminating irreversibly damaged proteins.4

Amyloidosis
Despite this elaborate control system there are numerous examples of patho-
logical conditions caused by misfolded proteins. The amyloidoses are a 
group of protein misfolding diseases in which normally soluble plasma pro-
teins undergo conformational changes and subsequently self-assemble ex-
tracellularly into highly stable, insoluble amyloid fibrils having a high de-
gree of -sheet structure. So far 24 different human proteins, intact and/or in 
fragmented form, have been found to be amyloidogenic in vivo and are asso-
ciated with disorders such as Alzheimer’s disease, Creutzfeld-Jakob disease, 
type II diabetes and familial amyloidotic polyneuropathy (FAP) (Table 1).5
The amyloid diseases can be divided into two different groups. In the local-
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ized forms the amyloid is restricted to one tissue or organ, whereas in the 
systemic variants deposits are found in many different tissues and organs.   

Table 1. Amyloid fibril proteins and their precursor proteins.

Amyloid protein  Precursor Systemic (S) or 
Localized (L) 

Syndrome or In-
volved tissue 

AL
Immunoglobulin light 
chain S, L 

Primary 
Myeloma-associated 

AH
Immunoglobulin
heavy chain S, L 

Primary 
Myeloma-associated 

ATTR Transthyretin S 
Familial 
Senile systemic 

A 2M 2-microglobulin S Hemodialysis 
AA (Apo)serum AA S Secondary, reactive 
AApoA-I Apolipoprotein A-I S Familial 
AApoA-II Apolipoprotein A-II S Familial 
AGel Gelsolin S Familial 
ALys Lysozym S Familial 
AFib Fibrinogen -chain S Familial 
ACys Cystatin C S Familial 
ABri ABriPP L Familial dementia 
ADan ADanPP L Familial dementia 

A
A  protein precursor 
(A PP) L 

Alzheimer’s disease, 
aging

APrP Prion protein L 
Spongioform en-
cephalopathies 

ACal (Pro)calcitonin L C-cell thyroid tumors 

AIAPP
Islet amyloid poly-
peptide L 

Islets of Langerhans 
Insulinomas

AANF
Atrial natriuretic 
factor L Cardiac atria 

APro Prolactin L 
Aging pituitary 
Prolactinomas

AIns Insulin L Iatrogenic 
AMed Lactadherin L Senile aortic, media 
AKer Kerato-epithelin L Cornea; Familial 
A(tbn) to be named L Pindborg tumors 
ALac Lactoferrin L Cornea; Familial 

Despite a lack of homology among the different amyloid fibril protein pre-
cursors regarding their primary structure, secondary structure, tertiary struc-
ture and functional properties, all amyloid fibrils share a common ultrastruc-
ture.6 Electron microscopy reveals straight, unbranched fibrils of indefinite 
length with a diameter about 5-13 nm (Figure 1).7 X-ray diffraction analyses 
show that the fibrils adopt a “cross- ” structure in which the constituent -
strands are arranged perpendicular to the fibril axis.8 Moreover, all amyloid, 
(regardless of type) is stained specifically with the dyes Thioflavin T (ThT) 
and Congo red.7
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Figure 1. In vitro formed amyloid-like fibrils by a synthetic apolipoprotein A-IV 
peptide. Bar = 20 m

A variety of different mechanisms can cause the conformational change in 
the respective precursor protein that leads to fibril formation. These factors 
include point mutations,9,10 overproduction of the precursor protein11 and 
proteolytic cleavage,12 but there are also several examples of amyloid fibrils 
that are formed by whole wild type (wt) precursors.13 Precursor proteins that 
adopt a globular fold in their native state, require partial unfolding of the 
tertiary structure prior to fibril formation whereas proteins that are unfolded 
in their native state require a transition to a ordered secondary structure.6

History of amyloidosis 
The term amyloid, derived from the Greek and Latin words for cellulose 
(i.e., amylon and amylum) was first used for a human structure by Rudolph 
Virchow in 1854. He made the observation that cerebral corpora amylacea 
treated with iodine stained blue and then subsequently stained violet with the 
addition of sulfuric acid. He thus came to the conclusion that the substance 
was of carbohydrate composition.14 However long before Virchow’s obser-
vations, there had been reports of organs with a lardeous and waxy appear-
ance and that most likely contained amyloid.15 In 1859, Friedreich and Ke-
kulé showed that amyloid contained protein components and not cellulose.16

A diagnostic tool for amyloid was introduced by Bennhold in 1922, when it 
was shown that Congo red dye stained amyloid deposits specifically.17 Ini-
tially it was believed that amyloid had an amphorous structure but in 1959 
Cohen and Calkins were able to show electron microscopically that amyloid 
deposits exhibit a fibrillar ultrastructure.18
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Amyloid fibril formation   
The formation of amyloid fibrils is a multi-step process which generally is 
thought to occur through a nucleation-dependent polymerization.6 In the 
nucleation process structurally altered protein monomers, which have 
reached a critical concentration, first self-assemble via a thermodynamically 
unfavorable lag phase into an unstable oligomeric nucleus.19 The nucleation 
process is the rate-limiting step, but the subsequent elongation of the nucleus 
becomes thermodynamically favorable and polymerization occurs rapidly 
via the formation of numerous intermediate aggregates resulting in high mo-
lecular weight amyloid fibrils.19 Adding a preformed nucleus or “seed” to a 
supersaturated protein solution bypasses the lag phase and accelerates the 
fibrillization process.20

Amyloid enhancing factor (AEF) is an elusive priniciple, which can be 
extracted from amyloid of AA-type. AEF dramatically shortens the lag time 
for experimentally induced AA-amyloidosis in mice.21 Recent studies 
strongly indicate that the active principle in AEF is aggregated amyloid fibril 
protein AA, thus exerting an effect similar to prions.22

However, heterologous seeds (i.e., seeds with a different amino acid com-
position than the precursor protein) in the form of synthetic amyloid-like 
fibrils have also been shown to accelerate fibril formation both in vitro and
in vivo.21,23,24 The efficiency of such cross seeding seems, to some degree, to 
depend on the sequence identity between the precursor protein and the pre-
formed amyloid-like fibrils. Thus decreased seeding efficiency is observed 
with decreasing sequence similarity.25 However, fibrillization studies with 
A 1-40 show that the seeding efficiency of certain A 1-40 point mutants 
decreases drastically if the mutation is located within the amyloid core re-
gion.24 This indicates that not only the primary sequence is of importance but 
also the quaternary structure of the preformed nucleus influences the seeding 
capability.24

Further evidence highlighting the similarity of the fibrillization process 
between the different precursor proteins is provided in studies generating 
conformational antibodies against both soluble oligomeric species and ma-
ture amyloid-like fibrils from different proteins. For example, both confor-
mational antibodies raised against the soluble oligomeric form and the amy-
loid fibril state of A  have been shown to recognize oligomeric and fibrillar 
aggregates (respectively) generated from proteins with unrelated se-
quences.26,27

Some investigators have suggested that the ability of amyloid fibril for-
mation is a general property shared by most proteins, especially under cer-
tain specific solution and/or temperature conditions, and is not only re-
stricted to the proteins hitherto associated with amyloidosis in vivo.28,29    
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Disease-causing mechanisms in vivo 
It is not entirely understood how amyloid deposits cause their degenerative 
effect in the deposited tissues and whether it is the mature fibril, smaller 
prefibrillar oligomeric intermediates or even monomeric species that are the 
causative agents. Different mechanisms have been implied, including a di-
rect physical effect on the tissue architecture.30 For example, in AL amyloi-
dosis or in certain FAP variants, large amyloid deposits are evident – which 
may function as a diffusion barrier surrounding the neighboring cells.31

Increasing evidence from in vitro studies on A ,32 islet amyloid polypep-
tide33 (IAPP), and transthyretin34 (TTR) have shown that early prefibrillar 
oligomeric aggregates, rather than mature amyloid fibrils, are the toxic spe-
cies.  In addition, recent studies have demonstrated that the severity and lo-
calization of disease, both in Alzheimer’s and FAP patients, correlate better 
with the presence of oligomeric aggregates than with the deposition of ma-
ture amyloid fibrils.35,36 Furthermore, oligomeric aggregates of proteins that 
have not been associated with any disease in vivo, have been shown to be 
cytotoxic in vitro. This suggests that the cytotoxicity of such an aggregate is 
an inherent generic property shared by many proteins and peptides.37 Several 
different mechanisms have been suggested by which these oligomeric spe-
cies cause cytotoxicity. These include destabilization and damage to adjacent 
cell membranes,38 oxidative stress,39 and the formation of pathologic ion 
channels.40 Despite the fact that the cytotoxic pathway is not completely 
understood, ultimate cell death is believed to occur through apoptosis.41   

Non-fibrillar components associated with amyloidosis 
Irrespective of the biochemical nature of the main amyloid fibril protein, 
which differs between and defines the different types of disease, there are 
several minor non-fibrillar components always present in the amyloid depos-
its. The presence of these common constituents suggests a potential role for 
these components in the process of amyloid formation and/or deposition.

Extracellular matrix (ECM) components
Glycosaminoglycans (GAGs) are hydrophilic linear chains of negatively 
charged polysacharides that are composed of repetitive disaccharide se-
quences.42 There are five different classes of GAGs: heparin/heparan sulfate, 
chondroitin sulfate, dermatan sulfate, keratan sulfate and hyaluronan.43 With 
the exception of hyaluronan, most of the GAGs are found covalently bound 
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to a protein backbone forming a complex called proteoglycan (PG).43,44 Both 
GAGs and PGs, normally consituents of the extracellular matrix, have been 
found in all amyloid forms examined so far.45-48 Heparan sulfate proteogly-
can perlecan seems to be especially involved in amyloidogenesis.45 For ex-
ample, in experimental AA animal models, the deposition of perlecan is 
observed simultaneously with amyloid deposition and at the same anatomi-
cal locations as the appearance of AA fibrils.43

Other extracellular matrix (ECM) components, such as fibronectin, 
laminin, entactin and collagen IV, have also been observed to be part of de-
posits in various forms of amyloid.43,46,47 Like in the case with perlecan, ex-
perimental AA models have indicated that the deposition of these compo-
nents coincide with AA fibril formation.48,49

Amyloid P component 
Amyloid P component (AP) is a calcium-dependent ligand-binding glyco-
protein that is derived from and identical to serum amyloid P component 
(SAP).50 AP consists of two pentameric discs that interact face to face.50 It is 
present in all types of amyloid examined so far.51,52 Although it has been 
shown that AP has the capability of binding directly to the amyloid-like fi-
brils in vitro,50  it is not known whether binding to fibrils in vivo occurs di-
rectly or via the interactions of GAGs.50,53 Studies have shown that AP func-
tions to stabilize the fibril through the prevention of proteolysis.54 This pro-
teolytic resistance can be attributed to the compact pentameric structure.50

Studies using SAP knockout mice show a longer lag phase before amyloid 
deposition, thus indicating that AP affects amyloidogenesis but is not essen-
tial for fibril formation.55 An involvement of these non-fibrillar components 
in the pathogenesis of in vivo-formed amyloid is suggested, however.56

Transthyretin (TTR) 
Structure
The 7 kb gene coding for TTR contains four exons and three introns and is 
located on the long arm of chromosome 18.57 TTR, or prealbumin as it was 
previously known, is a 55 kd tetramer, comprised of four identical 127-
amino acid residue long monomers containing extensive -sheet struc-
ture.58,59 Each monomer consists of two four-stranded -sheets (denoted 
DAGH and CBEF) connected by loops, and one short -helix (Figure 2).60
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Figure 2.  Three dimensional structure of a TTR monomer (left). Amino acid se-
quence of human TTR (right). -strands (A to H) and the -helix are indicated by 
lines. 

Approximately 45 % of the amino acid residues are located within the eight 
-strands while the first ten N-terminal residues and the last five C-terminal 

residues are suggested not to be involved in the folded state of the TTR 
molecule and merely exist as a “head” and “tail” structure.59,61 Two mono-
mers dimerize (non covalently) through hydrophobic interactions and hydro-
gen bonding between the F and H-strands from two neighboring mono-
mers.60,62 The H-strands are more extensively hydrogen bonded compared to 
the F strands, the later of which have only one pair of hydrogen bonds in the 
dimeric structure.62 A tetramer is formed by hydrogen bonding between the 
AB loop of one of the dimers and the H-strand from the other dimer as well 
as by hydrophobic interactions between the two dimers.60,62

The tetrameric structure is stabile and it has been reported that conditions 
such as low pH (3.9-5.0) or high molar denaturing agents (e.g., 4-6 M gua-
nidine-hydrochloride (gua-HCl)) are necessary to dissociate the tetramer into 
monomers.63,64 However, it has been claimed that tetramer dissociation into a 
monomeric species can occur at pH 7 and at nearly physiological ionic 
strengths upon dilution in the sub micromolar range.65,66

Physiological function 
TTR is primarily synthesized in the liver67 but additional minor production 
occurs in the epithelial cells of the choroid plexus,68 the retinal pigment 
epithelial cells69 and the islets of Langerhans of the pancreas.70 In the human 
pancreas, TTR is found within the glucagon producing alpha cells located in 
the periphery of the islets.71 In contrast, the distribution pattern differs re-
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markably in the rat pancreas. In the rat pancreas TTR is found co-localized 
with insulin, rather than glucagon, and is thus located in the central region of 
the islets.72 In vivo studies have shown that TTR tetramerization occurs al-
ready within the endoplasmatic reticulum (ER) in hepatocytes.73,74 However, 
it is not known whether TTR assembles in a similar manner at other produc-
tion sites.

Plasma levels of TTR usually increase successively after birth and reach 
adulthood levels of 0.2-0.4 g/l and approximately 0.2 g/l in cerebrospinal 
fluid, before a decline is seen after the fifth decade.61 TTR is a negative 
acute-phase reactant, with the plasma concentration falling during states of 
malnutrition and chronic inflammation.75 No decline in TTR synthesis is 
observed in the choroid plexus during such conditions, suggesting that the 
synthesis of TTR in the liver and in the choroid plexus is regulated inde-
pendently during an acute-phase response.76 Patients with senile systemic 
amyloidosis (SSA) have been reported to have decreased plasma concentra-
tions of TTR, while both increased and decreased plasma concentrations 
have been observed in FAP patients.77,78 The half life of TTR in plasma is 
around 2 to 3 days.79 The major sites for TTR degradation in the rat include 
the liver, kidneys and the skin, while in humans the liver is the primary deg-
radation site.80,81

TTR functions as one of the three thyroxine carrier proteins in plasma, to-
gether with thyroxine-binding globulin and albumin, and transports about 
10-15% of the serum thyroxine.82 In the central nervous system (CNS), how-
ever, TTR is the primary transporter carrying up to 80% of the thyroxine in 
cerebrospinal fluid.83 Only a small fraction of the total pool of TTR mole-
cules is bound to thyroxine.82 Receptor mediated uptake of TTR has been 
observed both in astrocytes and ependymomas, suggesting that delivery of 
thyroxine to the CNS may play an important role of TTR.81,84,85 Internaliza-
tion of TTR has also been shown to occur in hepatocytes.81 Since the recep-
tors have not been further characterized, it is not known whether the same 
receptor interacts with TTR in the different cell types. Another receptor that 
has been associated with TTR uptake is megalin, which has been shown to 
interact with TTR in proximal tubules of the kidney.86 TTR has two binding 
sites for the thyroxine hormone located in the narrow channel that runs 
through the center of the tetramer, but due to negative cooperativity only one 
thyroxine molecule can be transported at time.87

In addition to being one of the major thyroxine transporters, TTR also 
binds and transports retinol (vitamin A) through the binding of retinol bind-
ing protein (RBP).88 The TTR-RBP complex delivers retinol from the liver, 
which is the main storage site for retinol, to its target cells in peripheral tis-
sues where interactions include specific cell-surface receptors.89,90 Retinol is 
transferred from the protein complex to the target cells prior to dissociation 
between TTR and RBP.91 Binding of RBP to TTR prevents the loss of both 
RBP (21 kDa) and its bound vitamin A (retinol) through glomerular filtra-
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tion.92 There are two binding sites for RBP involving 15 residues. These 
binding sites are located mainly in the short -helix and in the EF loop, 
which are situated externally on two of the constituent monomers in each 
TTR tetramer.93 The binding of two RBP molecules to the tetramer hinders 
the potential binding of two additional molecules and consequently it is only 
possible for one TTR tetramer to transport two RBP molecules simultane-
ously.94,95 Although TTR has the capacity to transport two RBP molecules at 
the time, the dissociation constant is much higher for the second RBP mole-
cule.96 Due to a limiting concentration of RBP, the complex between TTR 
and RBP in plasma is found at 1:1 stoichiometry.97 Retinol dissociates easier 
from unbound RPB than compared to the TTR-RBP complex.98 Recent stud-
ies have shown that the macromolecular complex is already formed, with the 
involvement of specific chaperones, within the ER of hepatocytes before 
secretion.73 In contrast to the distribution pattern observed in the liver there 
is no evidence of co-localization between TTR and RBP in the human pan-
creas, rather the two proteins are found at distinct anatomical sites within the 
islets.99,100 The binding sites for thyroxine and RBP are independent of each 
other93 and the binding of RBP does not alter TTR’s capacity to bind thyrox-
ine.101 In both the binding and transport of RBP/retinol and thyroxine, the 
maintenance of the tetrameric formation of TTR is essential.102

A recent study has shown that TTR can act as a protease, proteolytically 
processing apolipoprotein (apo) A-I at its C-terminal end, and it is suggested 
that TTR may interact with other substrates in vivo under both physiological 
and/or pathological conditions.103 In general, little research have been carried 
out regarding new potential physiological roles for TTR given the fact that it 
is expressed at such anatomically variable locations. 

TTR in evolution 
The synthesis of TTR first evolved in the choroid plexus of  reptiles around 
300 million years ago104, whereas the production of TTR in the liver evolved 
independently and much later and in several different species.105 TTR has 
been discovered in 107 vertebrate species.106 Furthermore, a TTR-like pro-
tein has been described in both Bacillus subtilis and Escherichia coli.107

Comparisons of the amino acid sequences from 20 vertebrate species show 
identical amino acids at 45 residues and an additional 28 positions are found 
with conservative amino acid substitutions.93 All the identical or conserved 
residues are found within the structural ordered part of the molecule. The 
lowest sequence of homology is found near the N-terminal part of the pro-
tein and in the RBP binding domain (i.e., surface exposed residues), whereas 
the thyroxine-binding hydrophobic core of the polypeptide is much more 
conserved in the different species.106,108
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TTR-derived amyloidosis 
TTR is the main fibril protein in two principally different clinical forms of 
systemic amyloidosis. In familial TTR amyloidoses, including familial amy-
loidotic polyneurtopathy (FAP), mutated TTR is a main but not exclusive 
constituent (i.e., wt TTR is also found to a varying degree in the depos-
its).109,110 So far, 87 amyloid-associated point mutations, of which most are 
inherited in an autosomal dominant manner, and 13 non-amyloidogenic 
point mutations have been described in the TTR gene.111 In contrast, TTR 
mutations are not found in senile systemic amyloidosis  (SSA) and subse-
quently only wt TTR is present in this form of TTR-derived amyloidosis.112

Familial Amyloidotic Polyneuropathy (FAP) 
The Portuguese physician Corino de Andrade originally described FAP in 
1952 in a paper entitled: “A peculiar form of peripheral neuropathy; familiar 
atypical generalized amyloidosis with special involvement of the peripheral 
nerves”.113 It was not until 1978 that the biochemical nature of the amyloid 
deposits was elucidated, showing that TTR was the main fibril constituent.114

Shortly thereafter it was recognized that a mutation in the TTR gene, 
Val30Met, was associated with FAP.115 Among the amyloidogenic TTR 
variants associated with FAP, Val30Met is the most commonly occurring 
mutation.  

Val30Met; “Skelleftesjukan” 
Although the Val30Met mutation has been described world wide,111 certain 
endemic areas have been identified. High frequencies of the Val30Met vari-
ant are found in the Skellefteå and Piteå areas in the northern part of Swe-
den,116,117 in the northern part of Portugal113,118 and in Japan.119,120 The first 
case of FAP in Sweden was described in 1965 and since then more than 350 
patients have been diagnosed with FAP.116 Although sporadic cases are 
found from all over Sweden, the disease is commonly referred to as 
“Skelleftesjukan” in that cases are predominantly concentrated in the 
Skellefteå area. In this part of northern Sweden, the prevalence of the 
Val30Met variant among the population is estimated to be around 1.5%.116

The overall penetrance is low, with only about 2% of the gene carriers de-
veloping clinical symptoms.116 However, considerably variation is observed 
between different affected families with an incidence as high as 50% in 
some families.121 There is a higher proportion of men than women that are 
affected by FAP in Sweden.117,122 Homozygous Val30Met carriers do not 
have a more severe form of FAP and there are examples of carriers that do 
not develop FAP.123,124 Taken together, this indicates that mutation itself is 
necessary but not sufficient to cause FAP and that there are other yet uniden-
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tified genetic and/or environmental factors that contribute to the pathogene-
sis of the disease.

The mean age of onset in Sweden is approximately 53-56 years, but a 
great age variation is observed among different families and geographical 
regions.117,122,125 There seems to be an increased risk for an earlier onset of 
Swedish FAP if the patient inherits the mutated gene from a carrier mother 
rather than a carrier father.121 Interestingly, both in the Portuguese and the 
Japanese Val30Met variants, the mean age of onset is considerably lower 
(~32 years) and the penetrance is much higher.119,126,127 A recent study has 
hypothesized that there is a common Portuguese founder for many of the 
Japanese and Portuguese patients, but not for the Swedish patients.128 The 
hypothesis is based on results analyzing single nucleotide polymorphisms 
and microsatellite markers of FAP patients from Japan, Portugal and Sweden 
- and on a trade history between Portugal and Japan during the 16th cen-
tury.128 However, individuals with late-onset FAP have been described both 
in Japan and Portugal, where the age of onset and the penetrance resembles 
the Swedish variant.129,130

Histopathologically, amyloid deposits are found in many different organs 
and tissues including the peripheral and autonomic nervous system, blood 
vessels of varying size, the lung and in the heart. The cardiac deposits are 
usually found along the sub-endocardium and sub-epicardium, in the myo-
cardium and along the conduction system.131,132 Although the liver is the 
main production site for TTR, amyloid deposition is rarely noted and when 
present is only found in vessel walls.117

Typical clinical FAP characteristics include progressive peripheral neu-
ropathy with sensory and motor disturbances, autonomic neuropathy, gastro-
intestinal complications, cardiac arrythmias and conduction disturbances and 
vitreous opacties.117,132-134 Heart failure is rarely seen in Swedish FAP pa-
tients, which is probably due to the fact that the patients die from other com-
plications.117,122,135 However, the symptoms are not uniform and vary be-
tween patients and between the different populations.117,135

If untreated, patients usually die within a 10-13 year period, but a large 
variation is observed in disease duration.117,122 Liver transplantation is the 
main therapy available in that the liver is the main site for mutant TTR pro-
duction. Conflicting results have been reported regarding the neurological 
status after transplantation, but it appears that the progression of the poly-
neuropathy is halted or minor neurological improvements are noted.136,137,138

A reduction of gastrointestinal symptoms and an improved nutritional status 
have been reported after transplantation.136,139,140 The best results are seen 
with patients that are transplanted at an early stage of the disease. Recent 
reports have shown that transplanted Val30Met patients may develop car-
diomyopathy after liver transplantation.137 Since wt TTR is known to be co-
deposited with mutant TTR in the heart of untreated Val30Met patients, it is 
likely that wt TTR continues to deposit onto the heart leading to the progres-
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sion of the cardiomyopathy.109 Hence, it has been shown that wt TTR is 
much more abundant in the cardiac deposits of transplanted patients.109

However, more wt than mutant TTR may also be deposited already without 
transplantation.141 Another potential therapy for FAP, using small stabilizing 
molecules, will be discussed later. 

Other FAP and amyloid-associated TTR mutations 
In addition to Val30met, there are many other TTR-mutations associated 
with FAP characteristics.111 The most pathogenic variant described so far is 
Leu55Pro, which has very severe clinical manifestations and an early age of 
onset (at about 15-20 years).142

There are also other TTR-mutations, not associated with FAP, but which 
have other clinical manifestations.111 For example, familial amyloidotic car-
diomyopathy, (FAC:TTRLeu111Met) is associated with Dansih FAC. The 
latter mutation has a penetrance close to 100%.143 The most frequently oc-
curring TTR mutation worldwide is Val122Ile, which is associated with 
FAC in African-Americans. The allele frequency for Val122Ile amongst this 
population is about 2%.144

Senile systemic amyloidosis (SSA) 
Unlike, with the familial TTR amyloidoses, the amyloid deposits found in 
SSA are exclusively composed of wt TTR.112,145,146 SSA is one of the most 
common forms of systemic amyloidosis that affects approximately 18-25% 
of individuals over 80 years of age, but is rarely seen in individuals younger 
than 70 years.147-149 

In SSA, amyloid deposits are commonly found in the heart, the alveolar 
septa and blood vessels of the lung and blood vessel walls of larger or-
gans.150 In contrast to FAP, less amyloid is deposited in the conduction sys-
tem and overall there seems to be a difference in cardiac manifestations be-
tween patients with SSA and FAP.151 Usually, SSA is a mild disease with 
few clinical symptoms.112 However, in some individuals, predominately 
elderly men, heavy infiltration of amyloid deposits in the myocardium can 
lead to atrial fibrillation, bundle branch block and cardiomegaly.151 Patients 
can die from this latter form of the disease.151

A common finding in SSA, but also in some FAP patients, is that C-
terminal fragments starting at position 46,49 and 52 predominate over full-
length TTR in the amyloid deposits.145,148,152-158 Corresponding N-terminal 
TTR fragments (i.e., TTR1-45, TTR1-48 and TTR1-51) are either absent or 
present in low yields in cases studies to date.152,154,157,158 The fragmentation 
of the TTR molecule is not a random process, since all cleaved peptide 
bonds are situated within the C-strand, C-D loop and the D-strand. However, 
is not known whether the proteolytic cleavage is important for fibril forma-
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tion or merely represents a post-amyloidogenic phenomenon. Some post-
translational modifications of wt TTR, including S-sulfonation and thiol-
conjugation of the cysteine residue at position 10, have been suggested to 
lead to an increased amyloidogency.159,160

TTR Fibrillogenesis 
Several different forms or units of TTR have been suggested as precursors to 
TTR-derived amyloid. These precursor forms include TTR monomers, 
whole dimers, truncated dimers and tetramers.66,161-163,164-166 It is also debated 
whether fibril formation occurs under acidic conditions or at physiological 
pH.66,162 However, it is generally believed TTR fibril formation is initiated 
by the dissociation of tetramers into a non-native monomeric structure60,66,161

or a normally folded monomer162,163. This monomeric species is then be-
lieved to unfold and undergo further tertiary structural changes and subse-
quently assemble into amyloid fibrils (Figure 3). 

Figure 3. Schematic figure over TTR fibril formation. Dissociation of the tetrameric 
structure and partial unfolding of the native monomeric species are necessary steps 
to initiate fibril formation.  

Data from crystallographic studies of several TTR mutants causing FAP and 
FAC reveal only subtle changes of TTRs tertiary structure.60,167,168 The larg-
est tertiary structural change is observed in Leu55Pro, as expected consider-
ing the clinical data.169 A structural study of 74 different TTR variants 
showed that the mutations are situated at 55 different residues, evenly dis-
tributed throughout the amino acid sequence, with the exception that no dis-
ease-causing mutations are found in the highly flexible N and C-terminal 
parts.93 Moreover, it was shown that the majority of the mutations are situ-
ated in the hydrophobic core of TTR and that a “hot spot” of mutations is 
located within the C-strand, C-D loop and the D-strand.93
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It has been suggested that the reason for the increased amyloidogencity 
for certain TTR variants is that the mutations destabilize the tetrameric struc-
ture and increase the rate of dissociation into a monomeric species.65,170,171

However, not all TTR mutations lead to disease and there are examples of 
mutations that increase the stability of the tetrameric structure. Compound 
heterozygotic carriers for TTR Val30Met-Thr119Met and TTR Val30Met-
Arg104His have been described, and these patients have clinically milder 
symptoms and slower progression of disease compared to Val30Met carri-
ers.172,173 In vitro studies with Val30Met-Thr119Met and Val30Met-
Arg104His show that these variants exhibit a tetramer stability close to that 
of wt TTR.174 Accordingly, heterozygotic carriers for Arg104His 
andThr119Met do not develop FAP. 174,175

Further evidence that tetramer dissociation is the rate-limiting step in 
TTR derived-amyloidosis is found when the connection between tetramer 
dissociation and the formation of amyloid-like fibrils is studied in vitro at 
both acidic and physiological pH with wt TTR and the TTR mutants (e.g., 
Val30Met, Leu55Pro and Thr119Met). It is shown that TTR Thr119Met has 
the most stabile tetrameric structure among the mutants, and even has a 
slower tetramer dissociation rate than wt TTR, and subsequently aggregates 
slower than wt TTR.161,171 In contrast, the highest dissociation and aggrega-
tion rate was observed with Leu55Pro.161,171 The only conflicting results with 
tetramer dissociation rates and fibril forming capacity at the different pH are 
with wt TTR and Val30Met.  At physiological pH, Val30Met dissociated 
more rapidly and formed amyloid-like fibrils faster than compared to wt,161

whereas the results were reversed at acidic pH.171 However, taken together, 
this in vitro data fits nicely with the clinical manifestations observed among 
the different TTR variants. 

It has recently been shown that a monomeric TTR variant (that is unable 
to tetramerize) under partial denaturing conditions does not aggregate ac-
cording to the classic nucleation dependent pathway but rather follows a 
downhill polymerization.176 In this polymerization process the native TTR 
monomer is the highest energy species along the fibril formation pathway.176

Thus, unfolding of the TTR monomer and the subsequent aggregation of 
these misfolded monomers are energetically favorable and irreversible 
steps.176

With the increasing knowledge regarding TTR fibril formation, and with 
a body of evidence indicating that the tetramer dissociation is the rate lim-
ting step in fibrillogenesis, an alternative theraputic approach has emerged 
that aims to stabilize the tetrameric structure from dissociation and thus pre-
venting fibril formation. Several small molecules have been found to bind to 
the thyroxine binding channel in the center of the TTR tetramer and stabilize 
the native tetrameric fold, thus inhibiting dissociation into monomeric spe-
cies.177-179 These small molecules have also been shown to inhibit oligomeri-
zation of both wt TTR and TTR mutants such as a Val30Met and Leu55Pro
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in vitro.177-179 The finding that small stabilizing molecules can inhibit TTR 
fibril formation in vitro is encouraging in the pursuit of new therapeutic 
strategies for TTR amyloidosis. 

Lipoproteins
Lipoproteins are water-soluble macromolecular complexes that are responsi-
ble for the transport of lipids and lipid-soluble material throughout the body. 
They consist of protein (apolipoproteins) and lipid components and are di-
vided into four main density classes: chylomicrons, very low density lipo-
proteins (VLDL), low density lipoproteins (LDL) and high density lipopro-
teins (HDL). Although the different classes of lipoproteins have structural 
similarities, they differ in their proportion of lipids, in their apolipopro-
tein:lipid ratio and with respect to the apolipoprotein species present.180 The 
increased incidence of heart disease has been correlated with high levels of 
LDL cholesterol whereas high levels of HDL cholesterol have a protective 
effect.181 However, the metabolism of lipids and lipoproteins is a very com-
plex subject and is beyond the scope of this thesis. 

Apolipoproteins
Apolipoproteins are the protein components in the lipoprotein complex. Sev-
eral apolipoproteins have been described including apoA-I, apoA-II, apoA-
IV, apoA-V, apoC-I, apoC-II, apoC-III, apoE, serum amyloid A (SAA) and 
others. Apolipoproteins as a group have a similar genomic structure with 
four exons and three introns.182 An exception is that apoA-IV lacks the first 
intron.182 These genomic similarities indicate that the apolipoproteins have 
evolved from a common ancestral gene.182 The apolipoproteins are amphipa-
thic in their nature, that is they have both hydrophobic and hydrophilic re-
gions and hence have the capability to interact both with lipids and an aque-
ous environment.180 The structural duality observed among the apolipopro-
teins is due to the presence of repetitive amphipathic -helices that consist of 
either 11 (e.g., apo C-I) or 22  (e.g., apoA-I, apoA-IV and apoE) amino acids 
which are often separated by a proline residue.182-184 The amphipathic -
helix structure consists of opposing polar and non-polar faces that are ori-
ented along the long axis of the helix.184 Another general feature of the apol-
ipoproteins is that they have a low conformational stability in the absence of 
lipid.185

The basic function of apolipoproteins is lipid transport.182 Their intrinsic 
structural flexibility has also provided them many other functions within the 
scope of lipid metabolism. These functions include their roles as mediators 
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of metabolism, either as cell receptor ligands or as co-factors for various 
enzymes involved in the processing of lipids.180,184

   

Apolipoprotein A-IV 
The apoA-IV gene is located, together with the genes for apoA-I and apoC-
III on the long arm of chromosome 11.186 Most probably, the apoA-IV gene 
originated through an intraexonic duplication of the apoA-I gene around 300 
million years ago.187 In addition to humans, apoA-IV has been described in 
several different species including chicken, rat, pig, baboon and cyno-
mologus macaque.188-191

ApoA-IV consists of 376 amino acid residues, has a molecular mass of 46 
kDa and is exclusively synthesized by the enterocytes in the small intestine 
during the process of lipid absorption.192-194 Initially, apoA-IV is secreted 
into the intestinal lymph together with chylomicrons, but it rapidly dissoci-
ates and is found circulating in plasma associated mainly with HDL particles 
or in the lipoprotein-free fraction.195,196 ApoA-IV has the highest turn over 
rate among the apolipoproteins, with a plasma half-life around 18-28 h.197

The normal concentration of apoA-IV in plasma is around 0.15 g/l but is 
heavily dependent on nutritional and health status.197,198 Increased plasma 
levels of apoA-IV have been observed with aging.199

Numerous of physiological functions have been attributed to apoA-IV. 
These include regulation of food intake200, modulation of upper gastrointes-
tinal function201  and protection against lipid oxidation and atherosclerosis202.
Furthermore, apoA-IV has been shown to exert apoA-I-like functions in
vivo, regulating the activity of lecithin-cholesterol acetyltransferase and cho-
lesterol ester transfer protein, two key proteins that are involved in the proc-
ess of cholesterol transport.203,204

The structure of apoA-IV contains a high degree (approximately 54%) of 
amphipathic -helical structure.205,206 Besides the presence of numerous -
helical repeats, apoA-IV contains short segments of random coil structure 
and two stretches of -sheet structure represented by residues 6 to 15 and 
331 to 336.206 The N-terminal part of apoA-IV is the most hydrophobic re-
gion of the molecule.206 Comparable to other apolipoproteins of similar size  
(i.e., apoA-I and apoE), the C-terminal part of apoA-IV is more well struc-
tured, less hydrophobic and exhibits much less lipid-binding affinity.207,208 In 
addition, the C-terminal part of apoA-IV also contains an unique glutamine-
rich domain which is not observed among other apolipoproteins.207 ApoA-IV 
is suggested to adopt a molten globule-like folded conformation in solution, 
with the hydrophobic faces of the multiple amphipathic -helices facing 
toward the interior of the molecule.209 All of these -helical repeat regions 
contribute to the stability of apoA-IV in solution, since even short deletions 
of -helical segments considerably decrease the conformational stability of 
the molecule.210 The amphipathic helices in apoA-IV are comparably hydro-



27

philic, and subsequently apoA-IV has the lowest lipid binding capacity of 
any apolipoprotein.206,211 ApoA-IV also exhibits a high sensitivity to gua-
HCl-induced unfolding and is only marginally stable in aqueous solution.205

This makes the lipid binding properties of apoA-IV very sensitive to envi-
ronmental factors.205 Like other apolipoproteins (e.g., apoA-I) apoA-IV has 
the ability to self-associate in aqueous solution, but unlike apoA-I (that asso-
ciates into species ranging from monomer to pentamer), apoA-IV only forms 
a dimeric structure.206,212 The binding of apoA-IV to phospholipid vesicles 
has been shown to result in an overall increase of the total -helical content, 
which is believed to stabilize the conformation of the molecule.211 This in-
crease of -helicity is likely explained by a transformation of random coil 
structure to -helical structure.211 In the lipid binding process, the N-terminal 

-helical domains unfold and reorient residues (that normally are buried in 
the hydrophobic core) toward the lipid surface.211

Apolipoproteins and amyloidosis 
Several members of the apolipoprotein family have been associated with 
amyloidosis, either as a non-fibrillar minor constituent or as the main amy-
loid fibril protein. Apolipoproteins that are found as the main fibril protein 
include SAA, apoA-I and apoA-II. AA amyloidosis, or secondary amyloido-
sis occurs in patients with chronic inflammatory disorders and is caused by 
the systemic deposition of a ~76 residue N-terminal cleavage product (gen-
erated from SAA) in various organs.213 Amyloid fibrils derived from mutant 
forms of apoA-I and apoA-II are found deposited in rare forms of familial 
amyloidosis.214-217 ApoA-I and apoA-II are the fibril proteins in amyloidosis 
occurring in aging dogs and mice, respectively. But unlike the human forms 
of apoA-I and apoA-II amyloidosis there are no mutations in the apoA-I and 
apoA-II gene associated with these latter forms amyloidosis and hence only 
wt protein is found deposited.218-220 Both AA and apoA-II amyloidosis have 
been shown to be inducible in mice models.22,221 ApoE has been identified as 
a minor component in all amyloid examined so far.222 Interestingly, apoE 
knockout mice show reduced levels of amyloid deposition in a mouse model 
for Alzheimer’s disease.223
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Aims of the present investigation 

The general aim was to study the pathogenesis of TTR-derived amyloidosis. 
Following the finding of amyloid deposits of apoA-IV structure, a secondary 
aim was to characterize this novel type of amyloidosis. The following 
subjects were investigated in detail: 

1. Identification of tissue localization of an N-terminal apoA-IV fragment, 
found in an extract from formalin-fixed and paraffin-embedded ATTR 
material. The fibrillogenic properties of the apoA-IV fragment and its 
possible impact on fibril formation of wt TTR were also studied.  

2. Characterization of apoA-IV deposits as a separate systemic amyloido-
sis.

3. Characterization of full-length TTR and fragment TTR components ex-
tracted from formalin-fixed and paraffin-embedded or frozen material 
from patients with FAP and SSA. Particularly, a search for N-terminal 
ATTR fragments was performed. 

4. Analysis of two different morphological patterns in TTR-derived amy-
loidosis.

5. A study of the possible structure of ATTR in fibrils as compared to 
natively structured TTR in situ. Particularly, the nature of amyloid-
specific immunogenic epitopes was studied. 
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Materials and methods 

Tissue specimens (Papers I, II, III and IV) 
The tissue specimens that were used in these studies are described in detail 
in each individual paper. 

Synthetic peptides (paper I and IV) 
Synthetic peptides corresponding to parts of apoA-IV (paper I) and TTR 
(paper IV) were synthesized (Table 2).  In paper I, two peptides homologous 
to positions 32 to 58 and 44 to 55 of apoA-IV were used.224 In paper IV two 
series of TTR-peptides were studied: TTR115-121 to TTR115-127 and 
TTR122-127 to TTR115-127. All synthetic peptides had a free carboxy ter-
minal.

Table 2. Synthetic peptides used in the in vitro fibril formation studies.

Peptide Amino acid sequence Paper 

ApoA-IV 32-58 ApoA-IV 32-58 I 
ApoA-IV 44-55 DKLGEVNTYAGD I 
TTR 115-121 SYSTTAV IV 
TTR 115-122 SYSTTAVV IV 
TTR 115-123 SYSTTAVVT IV 
TTR 115-124 SYSTTAVVTN IV 
TTR 115-125 SYSTTAVVTNP IV 
TTR 115-126 SYSTTAVVTNPK IV 
TTR 115-1271 SYSTTAVVTNPKE IV 
TTR 122-127 VTNPKE IV 
TTR 121-127 VVTNPKE IV 
TTR 120-127 AVVTNPKE IV 
TTR 119-127 TAVVTNPKE IV 
TTR 118-127 TTAVVTNPKE IV 
TTR 117-127 STTAVVTNPKE IV 
TTR 116-127 YSTTAVVTNPKE IV 
TTR 115-1272 SYSTTAV VTNPKE IV 
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Purification methods 
Fibril extraction (Papers I, II, III and IV) 
Tissues contain many components in addition to amyloid. A method to ex-
tract purified fibrils by repetitive homogenizations was developed by Pras et 
al.225 Amyloid fibrils were extracted from fresh-frozen heart tissue from both 
FAP and SSA patients as described earlier.112 Shortly, approximately 5 g of 
heart tissue were thawed, homogonized in 0.15 M NaCl and centrifuged at 
15000 rpm for 30 min. The resulting pellet was homogenized in 0.15 NaCl 
and centrifuged and this procedure was repeated seven more times. All sa-
line supernatants were saved, dialysed against deionized water (3.5 kDa cut 
off) and lyophilized (Paper III). The pellet was further homogonized in dis-
tilled water three times and the final pellet was lyophilized. All water super-
natants were saved and freezedried (Paper II, III and IV). 

Gel filtration (Papers I and II) 
At gel filtration protein molecules are purified mainly according to molecu-
lar mass. Amyloid fibrils are insoluble in ordinary buffers but may dissolve 
in chaotropic agents (e.g., gua-HCl). Extracted fibril material was dissolved 
in 6 M gua-HCl/0.1 M Tris-HCl containing 0.1 M dithiothreitol (DTT), in-
cubated at room temperature for 48 h and was centrifuged at 15000 rpm for 
30 minutes. The supernatant was dialyzed against deionized water and ly-
ophilized. The freeze-dried material was dissolved in a small volume of 6 M 
gua-HCl/0.1 M Tris-HCl containing 0.1 M DTT and was applied to a 1.6 x 
90 cm Sepharose 6B CL column (Amersham Biosciencies, Uppsala, Swe-
den). The column was equilibrated with 5 M gua-HCl and had a flow rate at 
4 ml/h and the absorbance of the fractions (30min) was monitored at 280 
nm. 

Extraction of formalin-fixed and paraffin-embedded tissues 
(Papers I and III) 
Formalin-fixed protein material has been regarded as “lost” for biochemical 
studies. However, it has been recently shown that a significant amount of 
amyloid fibril proteins can be extracted also from formalin-fixed materials. 
The principle for extraction of proteins from formalin-fixed and paraffin-
embedded material is shown in Figure 4 and the method has been described 
earlier.224,226,227 Briefly, 20-25 deparaffinized and rehydrated tissue sections 
were scraped into a micro centrifuge tube. Protein components were solubi-
lized in 8 M gua-HCl, with both reducing and alkylating agents, and were 
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subjected reversed phase high performance liquid chromatography (RP-
HPLC).224 Major peak materials were concentrated, trypsinized and further 
purified with RP-HPLC.224 The eluted peptides were either analyzed using 
Edman degradation and/or mass spectrometry (ms) as described.226,227

Figure 4. General scheme for protein extraction from formalin-fixed and paraffin-
embedded tissues. 

Reversed phase-high performance liquid chromatography (RP-
HPLC) (Paper III) 
In RP-HPLC protein components are separated based on their hydrophobic 
nature. A highly hydrophobic protein will bind the column strongly and thus 
will be eluted late during the gradient, which becomes increasingly hydro-
phobic. Gel filtration fractions were subjected to RP-HPLC on a Brownlee 
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Aquapore BU-300 30 x 4.6 mm C4 column (Perkin-Elmer, Norwhich, CT) 
using a gradient of 0-70 % acetonitrile in 0.1 % trifluoro acetic acid at a flow 
rate of 0.4 ml/min. The absorbance was monitored at 220 nm and peaks were 
collected manually. 

Amino acid and genetic sequence analyses 
Amino acid sequence analysis (paper II and III) 
Edman degradation is used to find out the order of amino acids in a polypep-
tide chain. Phenyl isothiocyanate (Edman reagent) is used to degrade the N-
terminal amino acid of a polypeptide and then the amino acid can be identi-
fied using chromatographic methods. Proteins in RP-HPLC purified gel fil-
tration fractions (paper II) and protein components (paper III), separated on 
sodium dodecyl sulfate-poly acrylamide gel (SDS-PAGE) and blotted onto a 
PVDF membrane, were N-terminally sequenced by direct Edman degrada-
tion as previously described.228 RP-HPLC purified material (paper II) was 
also enzymatically digested using either endoproteinase Asp-N, which 
cleaves before aspartic acid residues, and trypsin that cleaves after basic 
residues (i.e., arginine or lysine). 

Mass spectrometry (ms) (paper II and III) 
Ms is an analytical method used for measuring the molecular weight of a 
sample (e.g., proteins or peptides). RP-HPLC purified material (paper II) and 
SDS-PAGE separated protein components (paper III) were trypsinized and 
analyzed by ms using a matrix-assisted laser desorption/ionization time-of-
flight mass spectrometer (MALDI-TOF) (Ultraflex TOF/TOF, Bruker Dal-
tonics, Bremen, Germany).229 For amino acid sequencing by post-source 
decay (PSD) the same instrument was used after N-terminal sulfonation of 
the tryptic fragment.230

Genetic analysis (paper II) 
Genomic DNA was extracted form fresh frozen heart material. Primers were 
synthesized and are given in Table 3.  Exons 1, 2, and 3 of the apoA-IV gene 
were amplified by PCR and was custom sequenced as described.231
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Table 3. Primers used for amplification of the apoA-IV gene. 

Primer sequence Exon 

5’-TGTGGCAAGAAACTCCTCCA-3’ 
5’-AGTGCCATCCAAAGACAGCTT-3’ 1
5’-CATCATCCAGTCTGCAG CTCA-3’ 
5’-CGTACATTGCATGGCCTTT- 3’ 2 
5’-CTTGCCGTGTAAATGCCAAA-3’ 
5’-CTTGCCGTGTAAATGCCAAA-3’ 
5’-TTCTCCCGCAGCACTCTCT-3’ 
5’-TAGCACAGCGCATGGAGA GA-3 
5’-AGTGACTTCTGCAGCCCT-3’
5’-TTCCAGAATGAAGAAGAACGCC-3’ 
5’-AGGAGTTGACCTTGTCCCTCA-3’ 
5’-AACAGCTCAAGGCAGAAACTGG-3’ 
5’-AAGGAGGATTCATCCGGCAA-3’ 3

Immunological methods 
Antisera
Antibodies that are directed against a polypeptide chain (e.g., proteins or 
peptides) either recognize a linear primary sequence or a conformational 
structure. However, short synthetic peptides are usually too small to generate 
an immune response on their own and need to be coupled to a large immu-
nogenic carrier protein (e.g., hemocyanin). Antisera against synthetic pep-
tides, 8 to 21 residues long, corresponding to parts of TTR and apoA-IV and 
an in vitro expressed TTR fragment (TTR50-127) were raised in rabbits
(National Veterinary Institute, Uppsala, Sweden) (Table 4).  

Table 4. Antisera and their corresponding antigens. 

Antisera Antigen (synthetic peptide) Paper 

Anti apoA-IV32-58 ApoA-IV 32-58 I 
Anti apoA-IV44-551 DKLGEVNTYAGD I 
Anti apoA-IV44-552 DKLGEVNTYAGD II 
Anti TTR3-12 TGTGESKCPL III, IV 
Anti TTR24-35 PAINVAVHVFR III 
Anti TTR41-50 WEPFASGKTS III, IV 
Anti TTR75-84 TKSYWKALGI III, IV 
Anti TTR115-124-a SYSTTAVVTN IV 
Anti TTR50-127 TTR50-127 II, IV 
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All antigens were linked to keyhole limpet hemocyanin (KLH) using car-
boddimide as a coupling agent.232 In all experimental procedures, the antis-
era were diluted with 0.05 M Tris-HCl buffer, pH 7.4 containing 0.15 M 
NaCl (Tris-buffered saline; TBS). 

Sodium dodecyl sulfate-poly acrylamide gel (SDS-PAGE) and 
Western blot analysis (papers II, III and IV) 
In SDS-PAGE, proteins are separated according to their molecular mass in 
an acrylamide/bis-acrylamide gel matrix. Transferring the separated protein 
components from the gel to a nitrocellulose membrane makes it possible to 
detect specific protein components immunologically. Extracted amyloid 
fibrils (paper III) or fibril material treated with gua-HCl (papers II, III and 
IV), lyophilized supernatants (papers III and IV) and TTR, both purified 
from plasma233 and in vitro expressed (kind gift from Dr JW Kelly) were 
dissolved at 1 to 10 mg/ml concentration in a 3 % SDS sample buffer. The 
protein components were separated by SDS-PAGE using a tris-tricine sys-
tem234 and transferred to nitrocellulose membrane (Amersham Biosciencies, 
Uppsala, Sweden). All primary antisera were diluted 1:500. The secondary 
antibody (horseradish peroxidase-conjugated swine anti rabbit immu-
noglobulin antibody (Dako, Glostrup, Denmark)) was used at a 1:10000 
dilution. The immunoreaction was visualized with enhanced chemiluminis-
cence (Amersham Biosciencies, Uppsala, Sweden).  

Immunohistochemistry (Papers I, II and III) 
Immunohistochemistry is used to detect tissue specific antigens (e.g., pro-
teins). Pieces of organs are fixed in formalin, embedded in paraffin and sec-
tioned.  After the paraffin has been removed, antigens can be detected im-
munologically. For immunohistochemical analysis, adjacent sections of for-
malin-fixed and paraffin-embedded heart tissue from FAP and SSA patients 
and normal human pancreatic tissue were used. Primary antisera were used 
at dilutions of 1:200 to 1:8000. A biotinylated goat anti-rabbit immu-
noglobulin antiserum diluted 1:800 was used as the secondary antibody. The 
antibody complex was visualized with the incubation of peroxidase-
conjugated streptavidin (dilution 1:500) followed by 3,3’ diaminobenzidine-
tetrahydrochloride (DAB). As negative control, either pre-immune serum 
(paper II and IV) or antiserum absorbed with the relevant uncoupled syn-
thetic peptide (paper I and IV) was used. 



35

Enzyme-linked immunosorbent assay (ELISA) (papers I, II and 
IV)
Enzyme-linked immunosorbent assay (ELISA) is a specific and sensitive 
immunoassay to detect antigens (e.g., peptides or proteins) that have been 
bound to a polystyrene surface (in a microtiter plate). Aliquots of diluted 
fractions of gel filtrated material, fractions of HPLC material or the synthetic 
peptides (10 to 20 g/ l dilution) were coated to the wells of either an Im-
mulon 2 microtiter plate (Dynatech laboratories, Alexandria, VA) or a Mi-
crolon microtiter plate (Greiner Bio-One, Germany). As the primary reagent, 
different peptide antisera were diluted 1:100. As secondary antibody, an 
alkaline phosphatase-conjugated goat anti rabbit immunoglobulin antiserum 
was used at a 1:1500 dilution. The reaction was visualized using p-
nitrophenyl-phosphate (Sigma, St Louis, MO) and the absorbance was 
measured at 405 nm. 

Fibril studies 
In vitro fibril formation (papers I and IV) 
Different amino acid sequences have different capacities to form amyloid-
like fibrils in vitro. To investigate a peptide’s intrinsic ability to aggregate, 
different peptide concentrations and solution conditions are used. Synthetic 
fibrils were readily dissolved in 10 % acetic acid (papers I and IV) or con-
centrated dimethyl sulfoxide (DMSO) (paper I) at 10 mg/ml dilution. In pa-
per I, the peptide solutions were further diluted with distilled water to 1 
mg/ml in 10 % DMSO. The peptide solutions were either incubated at 4°C 
(paper I) or at room temperature (paper IV). One droplet (0.8 l) of the solu-
tions was dried on a glass slide, stained with alkaline Congo red solution and 
examined under polarized light for green birefringence. 

Thioflavin T (ThT) binding assay (paper I) 
The capacity of TTR and a synthetic apoA-IV peptide (apoA-IV32-58) to form 
amyloid-like aggregates was measured by using a ThT binding assay. In this 
assay, ThT shifts excitation and emission to 450 and 482 nm, respectively, 
when it goes from an unbound state to binding to amyloid-like fibrils.224,235

Peptide concentrations ranged from 4 to 16 M.
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Electron microscopy (paper I) 
Fibrils can easily be visualized when dried on a membrane and then covered 
with a thin layer of a salt of a heavy metal (e.g., tungsten (W)). 
Aliquots (~15 l) of the fibril suspension were dried on a formvar-coated 
copper grid and was negatively stained using 1 % phosphotungstic acid.  

Immuno electronmicroscopy (paper II and III) 
In paper II, a small piece of fresh frozen heart tissue was fixed in a 0.1 M 
sodium phosphate buffer, pH 7.4 containing 0.25 % glutaraldehyde and 2 % 
paraformaldehyde and embedded in Unicryl (British BioCell, Cardiff, UK). 
Ultra thin sections of the material were put on formvar-coated nickel grids 
and were immunolabeled with antisera  (diluted 1:200). Immunoreactivity 
was visualized using goat anti rabbit antibodies labeled with 10 nm gold 
particles. In paper III, small pieces of formalin-fixed and paraffin-embedded 
cardiac tissue were deparaffinized and refixed in 2 % paraformaldehyde-
0.5% glutaraldehyde and embedded in epon. Imunolabeling was done in 
similar manner as described for paper II. Sections were contrasted with lead 
citrate and uranyl acetate. 
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Results and discussion 

Discovery of a new amyloid fibril protein belonging to 
the apolipoprotein family (papers I and II) 
Protein components were extracted from formalin-fixed and paraffin-
embedded heart tissue from two individuals with massive amyloid deposits 
of SSA type. From the first individual only wt TTR related peptides were 
found. However, amino acid analysis of protein extracts from the second 
individual revealed, in addition to TTR related sequences, the presence of 
two tryptic peptides corresponding to positions 32 to 45 and 46 to 58 of ma-
ture apoA-IV. ApoA-IV related components were also found in gel filtrated 
amyloid material from the same individual, as demonstrated by ELISA. 
ApoA-IV immunoreactive material with an approximate mass of 3 kDa was 
eluted. There also were indications of higher molecular weight apoA-IV 
components in the amyloid material, possibly including full-length apoA-IV 
molecules. Furthermore, antisera raised against apoA-IV synthetic peptides 
corresponding to positions 32-58 (anti apoA-IV32-58) and 44-55 (anti apoA-
IV44-551), specifically labeled amyloid deposits in heart tissue from this 
patient. Both apoA-IV synthetic peptides formed amyloid-like fibrils in vitro 
as evident by electronmicroscopy, but apoA-IV32-58 tended to be the more 
fibrillogenic peptide. Interestingly, apoA-IV32-58 also had the capacity to 
enhance fibril formation of wt TTR in an in vitro co-incubation study.  

Several minor non-fibrillar components have been found to be part of 
amyloid deposits in vivo (i.e., in addition to the main fibril protein). These 
components include AP,51 apoE236 and ECM components48,237. Some of these 
latter components have been implied to be directly involved in the fibril 
formation process in vivo.45,222 Furthermore, wt TTR has been found to be 
co-deposited together with apoA-I in a kindred with apoA-I Leu178His amy-
loidosis.238

Taken together, our results show for the first time that apoA-IV compo-
nents can be amyloidogenic. The finding that apoA-IV fragments had the 
ability to seed wt TTR fibril formation in vitro indicated that apoA-IV may 
have acted with an AEF-like mechanism in vivo, serving like a local nidus 
seeding wt TTR fibril formation in SSA or, possibly, the other way around. 
However, further extensive studies failed to give any conclusive evidence 
that apoA-IV molecules were present in other ATTR materials.  
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When the amyloid components were further characterized in this SSA pa-
tient, careful examination of Congo red stained tissue sections from different 
organs unexpectedly revealed the presence of two distinct staining patterns. 
The most notable differences were observed within limited areas of the 
heart. In these limited areas of the heart, the first pattern had a bright and 
glittering appearance in both larger nodular deposits and in smaller deposits 
that had a patchy distribution, which often seemed to have an intracellular 
location within cardiac myocytes. The second pattern had a typical SSA 
appearance with large nodular and interstitial deposits that exhibited low 
affinity for Congo red staining and only weak birefringence. The second 
pattern predominated quantitatively in the examined tissues. Interestingly, 
the deposits that exhibited the first (bright and glittering) pattern were exclu-
sively labeled with an apoA-IV specific antiserum (anti apoA-IV44-552). In 
contrast, TTR antisera labeled the deposits of the other pattern. This labeling 
pattern, with specifically different immunolabeling of the two types of amy-
loid deposits was evident in all examined tissues. Although the two deposi-
tion-types occasionally were found in the vicinity of each other, a co-
localization of immunoreactivity between apoA-IV and TTR was very rarely 
observed. Furthermore, using immuno-electronmicroscopy the two amyloid 
forms could be distinguished based on ultrastructural morphology. The 
apoA-IV antiserum reacted with bundles of relatively thick fibrils that were 
oriented in parallel arrays. In contrast, TTR-immunoreactive fibrils had a 
more slender appearance and ran in different directions (i.e., in a non-
parallel fashion). These results may indicate that the two proteins were inde-
pendently deposited and not deposited in a nidus seeding relationship. If this 
hypothesis is correct, the patient suffered coincidentally from two distinctly 
different forms of systemic amyloidosis. 

Hence, apoA-IV belongs to the group of apolipoproteins like SAA, apoA-
I and apoA-II that can cause systemic amyloidosis in vivo. ApoA-I, apoA-II, 
apoA-IV and apoE have all been shown to have a similar secondary structure 
with regions of amphipathic -helical repeats.239,240 Unlike apoA-I and 
apoA-II forms of human amyloidosis, which have been shown to be products 
of mutated genes,215-217,241 there was no evidence of a mutation in the apoA-
IV gene in this patient. However, wt forms of apoA-I and apoA-II amyloido-
sis have been described in aging dogs and mice, respectively.218,220 N-
terminal fragments of apoA-I, 80-93 residue long, have been shown to be the 
main constituent of amyloid deposits in ApoA-I amyloidois.242 Similarly, a ~ 
70 amino acid long N-terminal fragment was characterized as the main 
apoA-IV species in the apoA-IV amyloid material used in this study. It has 
been implied that the proteolytic cleavage of apoA-I (generating N-terminal 
fragments) is a regulatory step of the fibril formation process.242 This is most 
likely also true for other apolipoprotein-associated forms of amyloidosis, 
including apoA-IV.
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The binding of apoA-I to lipid surfaces has been suggested to be a two 
step process that increases the overall -helicity of the protein.183 The initial 
lipid binding occurs via amphipathic helices in the C-terminal part, and is 
followed by a structural rearrangement of the helix bundle in the N-terminal 
part whereby hydrophobic helix-helix interactions are converted to helix-
lipid interactions.183 A similar binding mechanism was also implied for 
apoA-IV.183 However, the same investigators have recently shown that the 
amphipathic helices in apoA-IV’s native structure rather forms a single large 
domain, which resembles the N-terminal helical bundle structure in apoA-I, 
but most likely lacks a strong lipid-binding C-terminal domain.208 In spite of 
this, the binding of apoA-IV to lipid has been shown to lead to conforma-
tional changes in the N-terminal part.211 During this process, hydrophobic -
helical N-terminal domains unfold and reorient toward the lipid surface.211

Furthermore, the N-terminal part of apoA-IV is the most hydrophobic part of 
the molecule and contains one of its two native -sheet structures.206,209 This 
native structural plasticity observed among the apolipoprotein family is a 
likely explanation as to why they are prone to form amyloid in vivo.  

Distinct anatomical localization of two types of 
systemic amyloid – any effect of heterologous seeding? 
(papers I and II) 
The finding that the apoA-IV and TTR forms of amyloid were deposited 
separately and were not intermixed is of great interest since both proteins are 
found circulating in plasma and are not the products of local synthesis. Since 
amyloid fibrils formed by different precursor proteins resemble each other 
morphologically and in their principle molecular organization,7,243 the ques-
tion has been raised due to whether one type of amyloid can serve as a seed 
or nidus for another. Interestingly, both AA and apoA-II amyloidoses in 
animal models have been shown to be induceable.23,244 Seeding has been 
shown to be possible using fibrils generated from both of the respective pre-
cursor proteins 22,219 (i.e., SAA and apoA-II) and by various heterologous 
seeds (e.g., synthetic amyloid-like fibrils244 and ex vivo amyloid fibrils23).
The efficiency of cross-seeding has been shown to largely depend on the 
degree of conformation similarity between the seed and the precursor pro-
tein.24 Not every amyloid form appears to be seedable, however. For exam-
ple, injection of preformed fibrils did not enhance the rate of deposition in 
mice over-expressing wt TTR.245

The findings that the two types of amyloid were very rarely found inter-
mixed and exhibited distinct differences in Congo red staining intensity, 
together with the fact that they each exhibited a distinct ultra-structural mor-
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phology, indicate that the two amyloid forms may have developed sepa-
rately. Although the principle molecular organization of amyloid fibrils re-
semble each other (irrespective of the nature of the precursor protein), the 
conformational differences between biochemically distinct fibrils may be 
large enough to prevent the formation of intermixed -sheet fibrils in vivo. 
However, a seeding mechanism can not be excluded. If such a mechanism 
was operating here it seems unlikely that ATTR fibrils seeded apoA-IV since 
we have not yet found evidence of apoA-IV amyloid in any other tested 
ATTR material. 

Two distinct morphological patterns in TTR derived 
amyloidosis (papers II and III) 
Congo red staining of heart tissue sections from SSA and FAP patients re-
vealed two different deposition patterns, termed A and B (Table 5). In pat-
tern A, amyloid deposits were found deposited as large nodules in the sub-
endocardium, sub-epicardium and myocardium. The deposits had a diffuse 
homogeneous appearance and were widespread interstitially, and often 
seemed to replace the normal tissue architechture.246 Notably, the amyloid 
had a very low affinity for Congo red and was only weakly birefringent. This 
pattern was observed among all 14 SSA patients and 5 of the 11 FAP pa-
tients.

In contrast, pattern B, seen in the remaining 6 FAP patients, was charac-
terized by smaller deposits with a “bead-like” or “thread-like” appearance 
that was found predominately in the sub-endocardium and the sub-
epicardium. Deposits were also found scattered throughout the myocardium 
to a varying degree. The amyloid material in pattern B was composed of 
smaller sub-structures, rather than appearing as a homogenous mass as seen 
in pattern A. Pattern B amyloid was highly Congophilic and birefringent.  

Table 5. Two amyloid patterns (A and B) observed in TTR-derived amyloidosis. 

Feature Pattern A Pattern B 

Morpholgy 
Diffuse and homogenous 
deposits

Deposits composed of smaller 
sub-structures

Congo red affinity Weakly Congophilic Highly Congophilic 
Fibril ultra structure Short and unorganized Long 

Main ATTR component 
C-terminal fragments (8-10 
kDa) Full-length (15 kDa) 
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The two amyloid patterns could also be distinguished based on their ultra-
structural appearance. The amyloid fibrils in pattern A were fairly short and 
densely packed with a random organization. Pattern B consisted of fibrils 
that were longer, straighter and arranged in a parallel orientation. The fibrils 
in pattern B occurred in well-demarcated bundles that occasionally were 
found penetrating cardiac myocytes intracellularly.  

SDS-PAGE analysis of amyloid material from the FAP and SSA patients 
revealed the presence of two different protein distribution patterns. In amy-
loid material from all 14 SSA patients and 5 of the 11 FAP patients (all with 
amyloid pattern A), a broad 8-10 kDa band was the most prominent finding 
(Figure 5). Faint bands, at 5 and 15 kDa were also observed in this material. 
In contrast, a 15 kDa band predominated in amyloid material from the re-
maining 5 FAP patients (that all exhibited amyloid pattern B) (Figure 5). In 
this material, the 8-10 kDa band was only very weakly visible. Western blot 
analysis established that the 8-10 kDa and 15 kDa bands corresponded to 
TTR fragments and full-length TTR, respectively. 

Figure 5. Main ATTR component in two patterns of amyloid deposition.  In  pattern 
A amyloid TTR fragments (left) is the main finding while in pattern B amyloid full-
length TTR (right) is the main component. 

In summary, two different morphological deposition patterns exist in TTR-
derived amyloidosis and they are closely associated with the TTR fragment 
content in the deposits. It might be argued that some similarities exist be-
tween amyloid pattern B material, described in half of the FAP patients, and 
the apoA-IV amyloid material found in an individual with SSA (e.g., highly 
congophilic and birefringent deposits, some intracellular location of the 
amyloid and similar fibrillar ultrastructural appearance). It is, however, 
highly unlikely that there is any connection between these types of amyloid.  
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Post translational modifications of ATTR in vivo 
suggest two different TTR mechanisms of fibril 
formation (paper III) 
Most of the molecular models on how TTR is organized in amyloid fibrils 
are based on that full-length TTR is being incorporated.166,247,248 It has been 
suggested that the separation of the C-strand and D-strand away from the 
core of the protein is an early event during fibril formation.162,163,247,248 In 
contrast, residues that corresponds mainly to strand A and B are under amy-
loidogenic conditions highly protected and part of the core that remains unal-
tered.62,248 This is in accordance with the hypothesis that only parts of TTR 
unfolds during fibrillogenesis rather than a complete unfolding of the mole-
cule.162

Ms analysis of formalin-fixed and paraffin-embedded heart material from 
a SSA and a FAP patient (both with deposits characterized by pattern A) 
revealed the presence of mainly C-terminal TTR tryptic peptides ranging 
from positions 49-127. From the N-terminal part, only the tryptic peptide 22-
34 and trace amounts of the tryptic peptide 16-21 were found. Studies on 
amyloid material from another FAP patient (with the typical features of pat-
tern B) showed the presence of the tryptic peptide 34-48 as well as other 
tryptic peptides covering most of the TTR molecule.

Earlier studies of TTR amyloid material that contained mainly cleaved 
TTR have shown that C-terminal fragments predominated over N-terminal 
fragments.152,154,156,157 This finding has raised the question whether fragmen-
tation occurs before or after the fibrils have formed. In the aforementioned 
models of full-length TTR fibrils, most of the residues of the A- and B-
strands retain their native contacts and are strongly bound to the hydrophobic 
core.247,248 Thus, if fragmentation occurs after the fibrils have already 
formed, the N-terminal part of TTR should still remain part of the hydropho-
bic core and would be present at equimolar ratio with C-terminal fragments. 

SDS-PAGE analysis of amyloid material extracted from frozen heart tis-
sue from the same SSA and FAP patient (that exhibited pattern A) showed 
that the main component was a broad 8-10 kDa band.  However, faint bands 
at 5 and 15 kDa in addition to smaller amounts of protein components mi-
grating between 15 and 60 kDa were also observed. In western blot analysis, 
antisera raised against the N-terminal part of TTR reacted with the lower 
part (~ 8 kDa) of the broad 8-10 kDa band. The N-terminal antisera also 
recognized material at 15 kDa (possibly full-length or near full-length TTR) 
as well as TTR multimers with higher molecular weight. Occasionally, the 
faint band at 5 kDa was labeled. In contrast, a C-terminal TTR antiserum 
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labeled the upper part (~ 9-10 kDa) of the broad 8-10 kDa band, the 15 kDa 
band and high molecular weight bands. The bands at 5 and 15 kDa almost 
disappeared when the same material was analyzed by SDS-PAGE without 
reducing and alkylating agent, indicating the presence of protein components 
with a cysteine residue. Under these conditions no apparent change was ob-
served in the 8-10 kDa band. In Western blot analysis of this material, N-
terminal antisera showed almost no reaction with material below 15 kDa.  

The weak band at 5 kDa, detected in the reduced and alkylated amyloid 
material from both the SSA and FAP patient was analyzed by Edman degra-
dation. In both cases, the amino acid sequence corresponded to TTR posi-
tions 3-7. Based on the findings in Western blot, the broad 8-10 kDa band 
was divided in an upper (~ 9-10 kDa) and a lower (~ 8 kDa) part, cut out and 
analyzed using ms. The 8 kDa part of the band contained the tryptic peptide 
TTR22-34 and C-terminal tryptic peptides ranging from TTR positions 81-
127. The 9-10 kDa part contained identical C-terminal peptides.  

Taken together these several results indicate the presence of some N-
terminal fragments in extracted fibril material (both from formalin-fixed and 
frozen material) from patients with amyloid pattern A. Furthermore, the N-
terminal fragments may exhibit a more heterogenous composition than ear-
lier believed. However, C-terminal fragments are found to a higher extent in 
this material. 

It also seems apparent that the fragmentation of the TTR molecule is not a 
random process. The starting positions of all C-terminal fragments character-
ized so far are situated within the C- or D-strand or their flanking regions, 
parts of TTR that have been suggested to be labile and surface exposed in 
the fibrillar structure.145,152,154,155,157,162. The presence of small amounts of N-
terminal fragments in amyloid material exhibiting pattern A, indicate that the 
cleavage of TTR occurs at the site of deposition and not elsewhere. How-
ever, the finding of larger amounts of C-terminal fragments than N-terminal 
fragments in this material does not agree well with the hypothesis that frag-
mentation occurs after that the fibrils have formed. Although it is presently 
not possible to determine when the cleavage actually occurs, most of our 
data indicate that it takes place at the deposition site but prior to fibril forma-
tion.

In summary, we propose that two different but closely related fibril for-
mation mechanisms exist in TTR derived amyloidosis.  One involves cleav-
age of TTR and incorporation of mainly C-terminal fragments and the other 
involves incorporation of mostly full-length TTR. These two mechanisms 
may explain the observed differences in deposition and morphological pat-
terns.
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ATTR specific epitopes and the organization of TTR-
derived amyloid fibrils in vivo (papers III and IV) 
Several models exist regarding how TTR is organized in the fibrillar form. 
Different TTR subunits including monomers, dimers and tetramers have 
been suggested to be the precursor in TTR-derived amyloidosis.162,164,166,249

However, many studies have shown that tetramer dissociation into a mono-
meric species and its subsequent unfolding precedes TTR fibril formation in
vitro.66,161,162 Still, most of the detailed molecular studies of TTR’s amyloi-
dogenic structure have been performed with amyloid-like fibrils in vitro. We 
have earlier reported that an antiserum directed against TTR115-124 (corre-
sponding mainly to the H-strand) is ATTR specific.232 To verify this poten-
tially important finding, a new antiserum (anti TTR115-124-a) was gener-
ated against this same sequence. This antiserum, together with other TTR 
peptide antisera, was used in an immunohistochemical approach to obtain 
more understanding on how TTR is organized in amyloid fibrils in vivo.

Antisera anti TTR41-50, anti TTR75-84, anti TTR115-124-a and anti 
TTR50-127 all reacted with amyloid deposits in cardiac tissue sections from 
SSA and FAP patients. Anti TTR3-12 did not react with any of the tested 
amyloid materials. Interestingly, anti TTR41-50 and antiTTR115-124-a 
failed to react with natively structured TTR in the pancreatic islets (the na-
ture and structure of TTR in the pancreas will be discussed later), hence in-
dicating that they are both ATTR specific. Conformational antibodies 
against a generic fibril epitope have been reported.26,27 To test for the possi-
bility that anti TTR41-50 and anti TTR115-124-a reacted with a common 
fibrillar structure they were tested immunohistochemically against other 
types of amyloid.  However, no immunoreactivity was obtained, thus exclud-
ing this possibility.  

The epitope TTR41-50 corresponds to the C-strand with an additional C-
terminal residue. In a model proposed for TTR fibril formation, the migra-
tion of the C- and D-strands away from the hydrophobic core is an early step 
during fibrillogenesis.162,163 This in vitro data fits nicely with the in vivo data 
presented here that anti TTR41-50 only reacted with TTR-derived amyloid 
material and not with the native TTR structure. TTR41-50 is close to two 
epitopes, TTR39-44 and TTR56-61, which have been reported to be surface 
exposed on TTR mutants exhibiting an amyloidogenic fold.250 Another pro-
posed model for fibril formation, the -slip, in which the C-strand is kept 
mainly in position and structurally modified TTR tetramers are being incor-
porated is less consistent with our results.166

Anti TTR115-124-a reacted with ATTR materials in immunohistochemis-
try and in Western blots. In contrast to anti TTR41-50, which reacted both 
with ATTR and normal wt TTR in Western blot, anti TTR115-124-a only 
reacted with ATTR material. Interestingly, no labeling was obtained of wt 
TTR derived either from plasma or in vitro expression. The TTR species that 
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were recognized by anti TTR115-124-a in Western blot included C-terminal 
fragments, monomers and dimers. The H-strand, together with the F-strand, 
is normally involved in the native TTR dimer formation. In the dimeric 
structure, H-strands of the two monomers are more extensively hydrogen 
bounded than the F-strands.62,251 Under native conditions, the C-terminal part 
of the H-strand is suggested to be more labile than the rest of the residues on 
the same strand.62

Several conclusions can be drawn from these findings. The precursor sub-
units of in vivo formed TTR amyloid fibrils are not near-native dimers or 
tetramers but rather are monomeric structures. The C- and H-strands are 
probably not part of the hydrophobic core and hence the monomeric building 
block must have undergone conformational changes during fibrillogenesis. 
The finding that anti TTR115-124-a reacts with TTR dimers in amyloid ma-
terial in Western blots indicates that ATTR has the possibility to associate 
into a dimeric structure using non-native monomeric contacts. 

No major differences in immunoreactivity were observed between amy-
loid deposits in patterns A and B when evaluated with the various peptide 
antisera used in this study. However, this does not rule out the possibility 
that there are subtle differences in the molecular organization of the fibrils in 
the two types of deposits. Notably, anti TTR41-50 reacted equally well with 
amyloid material from both pattern A and B deposits. The most likely expla-
nation is that small amounts of full-length TTR or N-terminal fragments, 
both reacting with anti TTR41-50, are present in the fibrils. 

The nature of TTR in the pancreas (paper III) 
Although TTR is mainly synthesized in the liver, other minor production 
sites include the choroid plexus, eye and pancreas.68,69,70,252 In the human 
pancreas, TTR is found in glucagon-producing alpha cells located at the 
periphery of the islets of Langerhans.71 It is not known whether TTR exists 
in a monomeric, dimeric or tetrameric structure in the islets. However, stud-
ies have shown that TTR forms tetramers already within the ER of hepato-
cytes74, hence this may also be true for TTR in the pancreatic islets. There is 
also evidence that TTR tetramers are co-localized with RBP within the ER in 
hepatocytes.73 One advantage of using islets instead of hepatocytes as a 
model for natively structured TTR is that the binding of RBP to TTR might 
hide residues that normally are exposed on the surface of the TTR molecule. 
Although TTR and RBP are both expressed in the pancreas, their cellular 
localization differs within the islets in contrast to the distribution pattern 
seen in the liver.99 Data that further strengthens this argument is that an an-
tiserum derived against TTR75-84 (which corresponds mainly to the short -
helix) reacts with TTR in the islets. Since six residues within this sequence 
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are directly involved in the binding to RBP,93 immunoreactivity with this 
antiserum would not be expected if TTR and RBP were co-localized in islet 
alpha cells.

A surprising finding was that our antiserum directed against the very N-
terminal part of TTR (TTR3-12) failed to react with natively structured TTR 
in the islets, since this part of the molecule has been suggested to be disor-
dered and not part of the folded structure.61 The finding that our antiserum 
raised against residues TTR115-124 failed to react with TTR in the islets is 
in accordance with the fact that this part of the TTR monomer in the 
tetrameric structure is situated in the hydrophobic core (i.e., part of the dimer 
interface).62 In addition, our antiserum raised against TTR41-50 also failed 
to recognize pancreatic TTR. Although the epitope TTR41-50 in the native 
TTR structure is rather labile and is partially solvent exposed, it contains 
several residues that are oriented towards the hydrophobic core.62 This could 
explain the lack of immunoreactivity observed with antiserum anti TTR41-
50.

Mapping of the immunogenic epitope for an ATTR 
specific antiserum (papers III and IV) 
In order to test which major epitope(s) antiserum anti TTR115-124-a reacted 
with, two series of peptides were synthesized. In series 1 (7 peptides ranging 
from TTR115-121 to TTR115-127), anti TTR115-124-a only reacted with 
TTR115-124. There was a striking difference in reactivity between peptide 
TTR115-124 compared with its two flanking peptides (TTR115-123 and 
TTR115-125), toward which no reaction was observed. No significant reac-
tion was obtained with any of the peptides in series 2 (8 peptides ranging 
from TTR122-127 to TTR115-127). The finding that TTR115-124-a only 
reacted with TTR115-124 clearly indicates that the immunogenic epitope is 
heavily dependent on a free C-terminal aspargine residue. Although a trun-
cated peptide ending at position 124 has not yet been characterized, ms data 
from trypsinized ATTR material from one SSA and one FAP patient (both 
with amyloid pattern A) identified a peptide with a mass of 2290 Da (data 
not shown). This mass was detected in both the 8-10 and 15 kDa bands and 
it fits nicely with a peptide corresponding to TTR104-124, which has a tryp-
tic cleavage at position 104 and ends with the non-trypsin sensitive aspargine 
residue at position 124. This finding has not yet been verified, but it is possi-
ble that the ATTR specific epitope depends on C-terminal trimming of TTR 
in the amyloid fibril. This could help explain why anti TTR115-124-a only 
reacts with ATTR material in Western blot and not with wt TTR, either puri-
fied from plasma or expressed in vitro. It should be noted, however, that an 
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antiserum raised against the same TTR115-124 sequence232 reacts with amy-
loid-like fibrils formed from wt TTR in immuno-electronmicroscopy233, and 
these fibrils are not likely to contain any C-terminal truncations.

When the fibril formation capacity of the different synthetic peptides was 
tested results showed that TTR115-124 (SYSTTAVVTN) was highly fibril-
logenic in vitro. Interestingly, both TTR115-123 and TTR115-125 lacked 
fibrillogeneity in our tested system, once again pointing to the importance of 
the aspargine residue at position 124. It is not unexpected that TTR115-125 
(SYSTTAVVTNP) lacks the ability to form fibrils since proline is known to 
be the strongest -sheet breaker among the amino acids.253 Furthermore, 
single proline subsititutions in fibrillogenic peptides have been shown to 
retard or inhibit fibril formation.254 It is noteworthy that introducing a proline 
residue at the end of the peptide still inhibits fibril formation. The finding 
that TTR115-127 (SYSTTAVVTNPKE), despite the presence of a proline 
residue, formed amyloid-like fibrils indicates that the residue (125) in this 
peptide is not crucial for fibril formation. 

The possibility that antiserum anti TTR115-124-a reacts with a generic 
fibril epitope was further investigated using this antiserum in ELISA with 
TTR115-127 amyloid-like fibrils as the antigen. These results did not differ 
from the ELISA results obtained with soluble TTR115-127 synthetic peptide 
(i.e., no significant result was obtained (data not shown)). Therefore, it is 
tempting to speculate that C-terminal trimming of TTR may enhance the 
fibrillogenic properties of this part of the molecule. Further studies on this 
subject are necessary, however. 

Protein extraction from formalin-fixed and paraffin-
embedded material (papers I and III) 
Traditionally, purification of amyloid protein components have been per-
formed using various extraction methods on frozen tissue or subcutaneous 
fat biopsies.225,255,256 Earlier, it was considered likely that formaldehyde 
would cross-link proteins and make them unavailable for biochemical analy-
ses. Unexpectedly, it was found that amyloid proteins could be extracted 
from amyloid-rich formalin-fixed and paraffin-embedded tissues.226 One 
explanation that has been proposed is that proteins in amyloid fibrils are not 
available for exposure to formaldehyde molecules. This is probably not the 
correct explanation since other protein components are also found after ex-
traction with gua-HCl of formalin-fixed amyloid-rich tissues. A prerequisite 
for successful use of formalin-fixed tissues as a source for protein analyses is 
the use of sensitive methods since the yield is comparably low. Earlier stud-
ies227,257 and studies herein using a microextraction  method have shown that 
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formalin-fixed and paraffin-embedded amyloid material may be used for 
identification of amyloid fibril proteins. Importantly, we have shown for the 
first time that this sensitive technique also can been used for detailed mo-
lecular studies of amyloid material.  
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General discussion and concluding remarks

The finding of a novel amyloid fibril protein, apoA-IV, is interesting from 
several of viewpoints. First, this finding highlights the possibility that there 
may even be more proteins (or fragments thereof) that have the possibility to 
aggregate into amyloid fibrils in vivo but which have not yet been discov-
ered. There is mounting evidence that proteins and peptides which are not 
known to be associated with amyloidosis in vivo have the ability to form 
amyloid-like fibrils in vitro.258-260 These findings have prompted some inves-
tigators to suggest that fibril formation is a general property shared by most 
polypeptide chains.28 Many of these in vitro-formed amyloid-like fibrils also 
have the capacity to be cytotoxic.37 Taken together, these results suggest that 
misfolded proteins may play an important role in the pathogenesis of many 
more diseases than those recognized today. 

Secondly, apoA-IV belongs to the apolipoprotein family, which repre-
sents a range of proteins that are associated with amyloidosis - either as the 
main amyloid fibril protein or as a minor non-fibrillar component. The find-
ing that yet another member of the apolipoprotein family can cause amyloi-
dosis in vivo further suggests that their shared genetic origin and conforma-
tional fluctuations are important factors linked to their general amyloidogen-
ity.242

It is notable that the two different forms of amyloid (apoA-IV-derived and 
TTR-derived) were not localized in the same deposits but were deposited at 
distinctly different anatomical locations. Furthermore, the two amyloid types 
also exhibited obvious differences in morphology and ultra-structural ap-
pearance. A common molecular structure has been reported from amyloid 
fibrils formed by many different protein precursors.243 Furthermore, antibod-
ies that recognize a generic fibrillar epitope have been characterized.26,27

However, despite this generic aspect of amyloid fibrillar structure, it is pos-
sible that fibrillization process of the various individual precursors is specific 
enough not to allow intermixing of biochemically unrelated peptides. Inter-
estingly, such aforementioned morphological and structural differences were 
not only observed between biochemically unrelated proteins (i.e., apoA-IV 
and TTR) but could also be noted between different TTR-derived amyloid 
materials. These differences were related to the amount of TTR fragments 
present in the amyloid deposits. This led us to propose that two different but 
closely related mechanisms of fibril formation may occur in TTR-derived 
amyloidosis. One mechanism involves the incorporation of mainly C-
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terminal fragments while the other involves the incorporation of mostly full-
length TTR. Thus, the fibrillization process may even differ intramolecu-
larly, depending on whether fragments or full-length molecules are the amy-
loidogenic subunits. In vitro fibril formation studies have shown that the 
degree of seeding capacity of a peptide largely depends on the conformation 
similarity between the seed and the aggregating peptide.24

Despite the fact that a significant amount of research has been performed 
on TTR and TTR-derived amyloidosis, much information is still lacking 
about the details of the conformational changes that take place during fibril 
formation. However, the general consensus is that TTR (in order to become 
an aggregating species) needs to dissociate from a tetrameric structure to 
monomeric subunits.66,162 Our findings of two ATTR surface exposed epi-
topes (i.e., strand C and H) that are hidden in the native structure further 
strengthens this argument and indicate that the monomeric subunit partially 
unfolds prior to fibril formation. The finding that tetramer dissociation ap-
pears to be the rate-limiting step in TTR fibrillogenesis has led investigators 
to suggest new therapeutic strategies. These strategies involve the use of 
small-inhibitory molecules that bind to and stabilize the native tetrameric 
fold, thus preventing tetramer dissociation and subsequent fibril forma-
tion.178,179 Such a tetramer stabilization would most likely also prevent the 
fragmentation of TTR, since large parts of the C- and D-strands (i.e., where 
the cleavage occurs) are not surface-exposed in the native tetrameric struc-
ture.62,162

There are however, many questions that remain to be answered regarding 
TTR amyloidogensis and amyloidosis in general. For example, very little is 
known about possible tissue-specific interactions between precursor proteins 
(e.g., TTR) and other components prior and/or during fibril formation. Such 
interactions could help explain the fact that deposition of TTR (and other 
fibril proteins) tends to be tissue specific. 

.
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