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ABSTRACT
Transthyretin (TTR), a homotetrameric protein found in plasma, cerebrospinal fluid, and the eye, 
plays a pivotal role in the onset of several amyloid diseases with high morbidity and mortality. 
Protein aggregation and fibril formation by wild-type TTR and its natural more amyloidogenic 
variants are hallmarks of ATTRwt and ATTRv amyloidosis, respectively. The formation of soluble 
amyloid aggregates and the accumulation of insoluble amyloid fibrils and deposits in multiple 
tissues can lead to organ dysfunction and cell death. The most frequent manifestations of ATTR 
are polyneuropathies and cardiomyopathies. However, clinical manifestations such as carpal tunnel 
syndrome, leptomeningeal, and ocular amyloidosis, among several others may also occur. This 
review provides an up-to-date listing of all single amino-acid mutations in TTR known to date. Of 
approximately 220 single-point mutations, 93% are considered pathogenic. Aspartic acid is the 
residue mutated with the highest frequency, whereas tryptophan is highly conserved. “Hot spot” 
mutation regions are mainly assigned to β-strands B, C, and D. This manuscript also reviews the 
protein aggregation models that have been proposed for TTR amyloid fibril formation and the 
transient conformational states that convert native TTR into aggregation-prone molecular species. 
Finally, it compiles the various in vitro TTR aggregation protocols currently in use for research and 
drug development purposes. In short, this article reviews and discusses TTR mutagenesis and 
amyloidogenesis, and their implications in disease onset.

Abbreviations: AD: Alzheimer’s disease; ATTR: TTR amyloidosis; ATTRwt: wild-type TTR amyloidosis; 
ATTRv: hereditary TTR amyloidosis; ATTRv-PN: hereditary TTR amyloidosis with polyneuropathy; 
ATTRv-CM: hereditary TTR amyloidosis with cardiomyopathy; ATTRv-LM: hereditary leptomeningeal 
TTR amyloidosis; ATTRv-OC: hereditary ocular TTR amyloidosis; BBB: blood–brain barrier; CNS: 
central nervous system; CR: Congo red; CSF: cerebrospinal fluid; DCVJ: (9-(2,2-dicyanovinyl)
julolidine); DMSO: dimethyl sulfoxide; EDTA: ethylenediaminetetraacetic acid; HSA: human serum 
albumin; hATTR: hereditary TTR amyloidosis; HTS: high throughput screening; hTTR: human TTR; 
LDL: low-density lipoprotein; PBS: phosphate-buffered saline; PDB: Protein Data Bank; PNS:  
peripheral nervous system; RBP: retinol-binding protein; RPE:  retinal pigment epithelium; SDS: 
sodium dodecyl sulfate; T3: triiodothyronine; T4: thyroxine; TBG: thyroxine-binding globulin; TFE: 
2,2,2-trifluoroethanol; THAOS: Transthyretin Amyloidosis Outcomes Survey; THDPs: thyroid hormone 
distributor proteins; THs: thyroid hormones; ThT: thioflavin-T; TTR: transthyretin; wt: wild-type

1.  Introduction

Protein aggregation and amyloid formation contribute 
to several debilitating diseases collectively known as 
Amyloidosis [1]. To date, more than fifty amyloid dis-
eases have been identified, including localized amyloi-
dosis found in neurodegenerative conditions like 
Alzheimer’s and Parkinson’s diseases, and systemic 
amyloidosis such as transthyretin amyloidosis and lyso-
zyme amyloidosis [1]. These pathologies result from 

mutations, post-translational modifications, or partial 
proteolysis, and by abnormal folding or unfolding 
events affecting approximately fifty different peptides/
proteins. These end up adopting non-native, misfolded 
conformations prone to aggregate into highly ordered 
soluble oligomers and insoluble fibrils with a charac-
teristic cross-β structure – the amyloid substance. 
Generally, amyloid diseases are not a consequence of 
the loss of function of the native protein but result 
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from the cytotoxic nature of the amyloid aggregates 
and/or the action of amyloid fibrils on inter-cellular 
communication and tissue physiology. Although most 
amyloids are found extracellularly, amyloid-like depos-
its are also found inside cells [1].

Transthyretin amyloid disorders include sporadic 
age-related wild-type TTR amyloidosis (ATTRwt), 
hereditary TTR amyloidosis polyneuropathy (ATTRv- 
PN), hereditary TTR amyloidosis cardiomyopathy 
(ATTRv-CM), hereditary leptomeningeal TTR amyloi-
dosis (ATTRv-LM) and hereditary ocular TTR amyloi-
dosis (ATTRv-OC). Although some of the ATTR 
clinical manifestations have unmet medical needs, 
in the last decade several disease-modifying thera-
pies have contributed to slowing down disease pro-
gression and, in some cases, have ameliorated 
disease symptoms. The continuing efforts to better 
understand the molecular mechanisms of disease 
progression and tissue specificity are critical for the 
rational development of new and improved thera-
pies for the treatment of TTR amyloidoses.

2.  Transthyretin structure and function

2.1.  From prealbumin to transthyretin (TTR)

In 1942, a new protein was identified and named “pre-
albumin” due to its electrophoretic mobility just ahead 
of serum albumin, both in plasma [2] and cerebrospi-
nal fluid (CSF) [3]. Later, in 1958, prealbumin was found 
to bind thyroid hormones, being therefore renamed as 
“thyroxine-binding prealbumin” [4]. In 1969, additional 
studies showed that thyroxine-binding prealbumin 
could also bind the retinol-binding protein (RBP) [5]. 
The International Union of Biochemists then coined 
the name “transthyretin” (TTR) in 1981 [6] due to its 
ability to transport thyroid hormones (THs), especially 
thyroxine (T4), as well as retinol (vitamin A) in associa-
tion with RBP.

2.2.  Transthyretin biosynthesis, tissue 
concentration, and metabolism

TTR is a globular homotetrameric protein, with a total 
molecular mass of approximately 55 kDa, consisting of 
four monomers with an identical sequence of 127 
amino acids (Figure 1). In humans, TTR is mainly found 
in plasma [7], CSF [8–11], and the eye [12–16]. Serum 
TTR accounts for nearly 90% of TTR in the human 
organism and is secreted by the liver to concentrations 
(as tetramers) varying from 0.17 to 0.42 mg/mL (3.1 to 
7.6 μM) [7].

In CSF, TTR has been reported as one of the most 
abundant proteins, along with serum albumin, 
prostaglandin-D synthase, and immunoglobulins [8]. 
Since serum TTR does not cross the blood–brain bar-
rier (BBB) to any significant extent, a different source 
of production apart from the liver must account for 
the protein in the CSF at a concentration range 
between 0.005 to 0.02 mg/mL (0.09 to 0.36 μM) [11]. 
Indeed, TTR synthesis has been reported to occur in 
the epithelial cells of the choroid plexus [9,10]. 
Expression of the TTR gene was also found in Schwann 
cells, dorsal root ganglia [17], and cortical and hippo-
campal neurons in response to amyloid-β (Aβ)-
induced stress, in patients with Alzheimer’s disease 
(AD) [18].

TTR is also found in the eye [12–14]. Since the Bruch 
membrane that encircles more than half of the eye is 
a barrier to protein crossing, intraocular TTR synthesis 
is required and has been reported in the retinal pig-
ment epithelium (RPE), the pigmented epithelium of 
the ciliary body, corneal endothelium, and the optic 
nerve fiber layer of the retina [12–14]. The concentra-
tion of TTR in the aqueous humor is approximately 

Figure 1. T hree-dimensional structure representation of the 
native TTRwt homotetramer. The structure is composed of four 
identical subunits (each represented in a different color) form-
ing a central channel able to accommodate two thyroxine (T4) 
molecules (depicted in a ball-and-stick representation). The 
image was produced with UCSF Chimera [19] and coordinates 
of the crystallographic structure of human TTRwt in a complex 
with T4 (PDB code: 1ICT).
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1.3 µg/mL (0.024 μM) [15], while in the vitreous humor 
is nearly 18 µg/mL (0.327 μM) [16].

TTR biosynthesis has also been described in several 
other tissues to a smaller extent, namely in the heart, 
skeletal muscle, spleen [20], visceral yolk sac endoderm 
[21], trophoblasts of placenta [22], gastric ghrelin cells 
[23], pineal gland [24], meninges [25] and pancreatic 
α-cells [26,27].

Furthermore, TTR serum levels are slightly higher in 
adulthood than in childhood, higher in men than in 
women, and start to decline after 40 years of age [28]. 
The half-life of serum TTR is approximately 2 to 3 days 
in humans [29,30]. The main sites for TTR degradation 
are the liver (36–38%), muscle (12–15%), and skin 
(8–10%), along with other minor sites, such as the kid-
ney, adipose tissue, testicles, and gastrointestinal tract 
(1–8%), and other tissues in less than 1% [31]. Serum 
levels of TTR are routinely measured as an indicator of 
health status, since TTR is a typical negative acute-phase 
serum protein [32]. TTR serum levels are reduced in 
conditions such as trauma, surgery, inflammation, bac-
terial infection, protein malnutrition, coronary artery 
disease, depression, Alzheimer’s disease, gestational 
diabetes mellitus, and Down’s syndrome [33–39].

2.3.  Transport of thyroid hormones and retinol

The term “transthyretin” describes the dual physiologi-
cal role of the protein in the transport of thyroid hor-
mones (THs) and retinol [6]. Although binding with 
higher affinity to T4 (thyroxine or 3,5,3′,5′-tetraiodo-L-thy-
ronine) than to T3 (triiodothyronine or 3,5,3′-triodo-L-thy-
ronine), TTR is able to transport both THs. Thyroid 
hormones show a common structure consisting of a 
hydrophobic thyronine nucleus, which accounts for 
their poor solubility in water, a hydrophilic hydroxyl 
group attached to the phenolic ring, and three iodine 
atoms in positions 3, 5, and 3′ in the case of T3, and 
four iodine atoms in positions 3, 5, 3′ and 5′ in the 
case of T4. In human plasma, 99.97% of T4 and 99.70% 
of T3 are bound to TH distributor proteins (THDPs), 
namely human serum albumin (HSA), TTR, and 
thyroxine-binding globulin (TBG) [40,41]. THDPs circu-
late at different concentrations and show distinct dis-
sociation constants (Kd) and affinity for THs [42]. TBG, a 
monomeric 54 kDa protein with a single binding site, 
has the highest affinity for T4 and T3 with Kd of 0.1 
and 2 nM, respectively. Due to its high binding affinity 
and despite its low plasma concentration of 0.015 mg/
mL, TBG binds approximately 75% of both T4 and T3 
in plasma. TTR has two binding sites with the highest 
affinity binding event with Kd values of 14 nM for T4 
and 57 nM for T3 [43]. Binding to a second thyronine 

molecule occurs with a significantly lower affinity, 
through negative cooperativity [44]. Present in plasma 
at a concentration between 0.17 and 0.42 mg/mL, TTR 
binds nearly 15% of T4 and less than 5% of T3. 
Conversely, HSA, a monomeric 66.5 kDa protein with 
various binding sites, has the lowest affinity for THs 
with dissociation constants of 1.4 µM for T4 and 100 µM 
for T3. Due to its low binding affinity and despite its 
high serum concentration of 35-50 mg/mL, HSA binds 
less than 5% of T4 and less than 20% of T3. Additionally, 
a small fraction of THs is also distributed in the blood-
stream by lipoproteins, including ApoB100, via interac-
tion with its cell surface receptor, i.e. the low-density 
lipoprotein (LDL) receptor [45,46]. TTR is the only TH 
transport protein synthesized in the choroid plexus 
and, therefore, plays a significant role in transporting 
THs in the CSF and distributing THs in the brain [47].

The transport of retinol is mediated by RBP [48]. 
RBP circulates in the plasma bound to TTR. Both apo- 
(without) and holo- (with retinol) RBPs form the 
RBP-TTR complex with a stoichiometry of 2:1, with 
approximately 97 kDa [49,50]. However, the Kd of 
holo-RBP with TTR is significantly lower than with 
apo-RBP [51], which is consistent with a retinol deliv-
ery mechanism where the stable holo-RBP-TTR com-
plex is retained in the plasma, while the unbound 
apo-RBP, with lower molecular weight (21 kDa) is 
cleared by glomerular filtration [52]. The binding sites 
for RBP are located at the surface of TTR, and each TTR 
molecule has four RBP-binding sites, two in each dimer. 
However, due to steric hindrance, only two RBP mole-
cules bind simultaneously to TTR [49]. RBP and TTR 
contribute 21 amino acids each to the protein–protein 
recognition interface, with most of these residues 
located in the C-terminal regions of the two proteins 
[50]. Affinity measurements of TTR to RBP estimate a 
Kd of 150 to 190 nM for the first RBP molecule and 
35 µM for the second RBP, indicating negative cooper-
ativity [53,54]. Ratios of RBP:TTR in plasma are around 
0.3 in healthy individuals [55,56] indicating that most 
of the circulating TTR remains free of RBP.

3.  Transthyretin amyloidoses

3.1.  Transthyretin amyloid diseases, symptoms, 
and geographic distribution

Transthyretin amyloidosis (ATTR) is manifested in spo-
radic and hereditary forms: wild-type TTR amyloidosis 
(ATTRwt) and hereditary TTR amyloidosis (ATTRv). In 
the case of hereditary TTR amyloidosis, polyneuropathy 
(ATTRv-PN) and cardiomyopathy (ATTRv-CM) are the 
most common clinical manifestations. While ATTRv-PN 
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mostly affects the peripheral nervous system (PNS), 
ATTRv-CM mainly targets the heart. Additionally, other 
forms of ATTRv such as leptomeningeal amyloidosis 
(ATTRv-LM) and ocular amyloidosis (ATTRv-OC) affect 
the central nervous system (CNS) and the vitreous 
body of the eye, respectively. Nonetheless, some 
patients simultaneously exhibit multiple symptoms 
associated with distinct manifestations of ATTRv. That 
is the case of hereditary TTR amyloidosis polyneuropa-
thy with muscle, vitreous, leptomeningeal, and cardiac 
involvement [57–59].

In contrast, ATTRwt, formerly known as senile sys-
temic amyloidosis, is a non-hereditary age-related sys-
temic amyloidosis caused by TTRwt. The main features 
of each type of ATTR are described in Table 1.

In an effort to better understand the natural history 
and phenotypic heterogeneity of TTR amyloidosis, as 
well as improving diagnosis and treatment, the 
Transthyretin Amyloidosis Outcomes Survey (THAOS), 
the largest global, longitudinal, observational survey of 
patients with ATTR amyloidosis (inherited and 
wild-type), as well as of asymptomatic TTR gene carri-
ers, has been established and formally ongoing since 
2007 [60].

3.2.  Transthyretin amyloidogenic and non-
amyloidogenic variants

Hereditary TTR amyloidoses (ATTRv) are fatal diseases 
triggered by TTR variants that have been classified as 
“amyloidogenic” TTR mutants. ATTRv amyloidoses are 
autosomal-dominant diseases, where only one amyloi-
dogenic variant TTR allele is required to develop 
pathology. Most affected individuals are heterozygous 
for a pathogenic mutation and express both normal 
(TTRwt) and variant TTR (TTRv), but some homozygous 
patients have also been identified [86,87]. The majority 
of the mutations result from a single nucleotide substi-
tution in the TTR gene [88]. Transthyretin has been 
identified as one of the most mutated human proteins 
leading to the development of amyloid diseases [89].

In 1952, the pioneering work of Corino de Andrade 
produced the first medical reports on the diagnosis of 
ATTRVal30Met amyloidosis among a group of families, 
from the north of Portugal [90], conducing to the dis-
covery of other foci in Japan (1968) and Sweden (1976) 
[91, 92]. Until two decades ago, ATTRv-PN was thought 
to be an endemic disease restricted to those areas, but 
today is known to occur worldwide.

The human TTR gene is localized in chromosome 18 
at position 12.1 (18q12.1) [93], spanning approximately 
6.9 kb (GenBank accession number: NG_009490.1, and 
Gene ID: 7276). The TTR gene is divided into four exons 

and three introns. Exon 1 encodes 23 amino acid resi-
dues, that is translated into 20 residues of a signal 
peptide and the first three residues of the mature pro-
tein. Exon 2 codes for amino acid residues 4 to 47, 
exon 3 for residues 48 to 92, and exon 4 for residues 
93 to 127 [94]. Hence, the amino acid numbering used 
throughout this manuscript to identify the various 
mutations in the protein sequence refers to the 127 
residues that compose the mature TTR monomer (e.g.: 
Val30Met or V30M). Nonetheless, another counting sys-
tem that includes the 20-amino acid peptide signal 
(labeled as p.) is also used elsewhere (e.g.: p.Val50Met 
or p.V50M).

Figure 2 lists the 216 point mutations identified in 
the TTR gene so far, by depicting their position in the 
127 amino acid polypeptide chain of the TTR mono-
mer [80,95–119]. Figure 2 includes all TTR mutations 
(amyloidogenic and non-amyloidogenic) reported in 
the open access page “Mutations in Hereditary 
Amyloidosis” (amyloidosismutations.com) [95], in the 
Human Genetic Mutation database (hgmd.cf.ac.uk) 
([118]), in the ClinVar public archive of reports of 
human genetic variants (ncbi.nlm.nih.gov/clinvar) [119], 
along with other TTR mutations that have been docu-
mented in the literature through scientific papers and 
reports available at PubMed Central (pubmed.com). 
Commonly identified variants are well documented 
and have proper information on their clinical pheno-
type and natural history. However, regarding rare vari-
ants, it is difficult to obtain information on their 
amyloidogenic potential and clinical significance due 
to a lack of family history, reduced penetrance, and 
other factors. Most mutations result in single amino 
acid substitutions distributed across the polypeptide 
chain, except for the Val122_del deletion mutation 
[120], the Met13_dup and Glu51-Ser52_dup duplica-
tion mutations [121,122], and the synonymous muta-
tions Ala108Ala and Thr119Thr [123]. Double mutations 
have also been reported over time. Table 2 lists some 
of these TTR double mutations found in ATTRv patients.

A 7-residue length “window analysis” was employed 
here to scan the more than 200 TTR variants identified, 
as applied previously by other authors in 1996 to less 
than 50 TTR mutations [130]. This 7-window “view” 
helps to highlight “hot spot” regions, that would other-
wise be masked when using the simple “mutations per 
residue” view (also shown in Figure 3A by the solid 
grey graph). A sliding window of 7-residues in length 
was moved from the N-terminus to the C-terminus in 
steps of one residue. The total number of mutations 
found in each window was plotted against the number 
of the midpoint-residue of each interval (Figure 3A). All 
variants were treated independently so that multiple 
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Figure 2. A mino-acid sequence derived from the human 127-residue TTR mature protein showing the position of 216 mutations 
formally identified. Non-amyloidogenic mutations are displayed in green, while aggressive amyloidogenic mutations are colored in 
red. Duplication mutations are in orange, and a deletion mutation is in blue. Elements of secondary structure are displayed accord-
ing to the TTRwt crystallographic structure, at 1.15 Å resolution (PDB code: 8AWI), with the β-strands highlighted in light blue, the 
α-helix in light red, and loops and turns in black.
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variants at a single site were considered separately 
when determining the number of variants within the 
scanning window. A random distribution of TTR muta-
tions would be expected to produce an approximately 
linear horizontal plot along the polypeptide chain, with 
11.7 residues at each window position with a standard 

deviation of ± 5.1. However, the observed distribution 
is quite different from a random distribution.

According to Figure 3A, there are two major peaks of 
mutation frequency, one centered at residue 52 and 
another centered around residues 33-36, that also define 
two major mutation “hot spot” regions, Region 1 and 2, 
formed by residues 44-59 and 26-43, respectively. Region 
1 computed 27 substitutions in the 7-residue window, 
with a height of 3.0 standard deviations above the 
mean. Both of these regions map the mutation “hot 
spot” zone of TTR, mainly assigned to β-strand D and 
CD and DE loops in the case of Region 1, and to β-strand 
B, which is parallel and hydrogen bonded to β-strand C, 
the second half of β-strand C and the BC loop, for 
Region 2. Five more subsidiary regions can also be 
observed in Figure 3A: Region 3, composed of residues 
60-76 assigned to the DE loop, β-strand E, and to the 
α-helix; Region 4, represented by residues 97-112 located 
in β-strand G, GH, and FG loops; Region 5, formed by 
residues 77-96 which corresponds to β-strand F and the 
αF loop; Region 6, with residues 113-125, corresponding 
to β-strand H and the C-terminus; and Region 7, allo-
cated to residues 14-25 of the AB loop. The protein 
regions involved in dimer-dimer interactions include 
loops AB and GH which are part of Regions 4 and 7, 
and the segments involved in monomer-monomer 

Table 2. TTR  double mutations found in ATTRv patients and 
their protein sequence localization, according to the 127-residue 
numbering of the mature protein. These may occur in the 
same or different gene alleles.
Double mutations Localization References

Gly6Ser/Ala19Asp N-terminus/AB loop [122,124–129]
Gly6Ser/Val30Met N-terminus/β-strand B
Gly6Ser/Phe33Ile N-terminus/β-strand B
Gly6Ser/Ala45Asp N-terminus/β-strand C
Gly6Ser/Thr49Ile N-terminus/CD loop
Gly6Ser/Ser77Tyr N-terminus/α-helix
Gly6Ser/Tyr114Cys N-terminus/GH loop
Gly6Ser/Thr119Met N-terminus/β-strand H
Gly6Ser/Val122Ala N-terminus/β-strand H
Val30Met/His90Asn β-strand B/β-strand F
Val30Met/Arg104His β-strand B/β-strand G
Val30Met/Thr119Met β-strand B/β-strand H
Val30Met/Val122Ile β-strand B/β-strand H
Phe33Ile/Thr49Gly β-strand B/CD loop
Glu42Gly/His90Asn β-strand C/β-strand F
Thr59Lys/Arg104His DE loop/β-strand G
His90Asn/Thr119Met β-strand F/β-strand H
Tyr116His/Val122Ile β-strand H/β-strand H

Figure 3. N aturally occurring mutation "hot spot" zones of the 127-amino acid human transthyretin subunit mature sequence. (A) 
Plot of the TTR mutation frequency along the polypeptide chain. A graphical record of the total number of mutations per amino 
acid is shown in solid grey. In addition, a graph representing a sliding window of 7-residues in length that moves along the 
sequence plotting the total number of mutations (solid circles and black trace) of each interval against the midpoint residue of 
the interval is also shown [130]. Most aggressive amyloidogenic (red circles) and non-amyloidogenic (green circles) variants are 
identified. Regions with a high frequency of mutations are numbered from 1 to 7 (in blue). The duplication mutations (Met13_dup 
and Glu51-Ser52_dup) and the deletion mutation (Val122_del) were not considered in the analysis. Elements of secondary struc-
ture are displayed at the top of the figure: β-strands (blue) and α-helix (light red). (B) Three-dimensional structure representation 
of the TTR subunit backbone, with the elements of secondary structure (β-strands A to H) colored according to the number of 
mutations known per sequence position: “no substitutions” (grey); one (yellow); two (orange); three (red); four (dark red); and five 
or more (black). The image was produced with UCSF Chimera [19], using the coordinates of the TTRwt crystallographic structure 
at 1.15 Å resolution (PDB code: 8AWI).
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interactions like β-strands H and F, located in Regions 5 
and 6, can be seen in Figure 3A. Most of the mutations 
found in Region 1 were the first mutations to be identi-
fied in the TTR gene [131]. Table 3 summarizes the 
Regions identified, their amino-acid residues, localization 
in the polypeptide chain, exons involved, and number 
of mutations.

Another interesting observation, that can also be 
inferred from Figure 3A, is that the mutations classified 
as the most aggressive amyloidogenic TTR mutations 
(causing disease with an early age of onset, with mul-
tiple organ involvement and severe impairment), 
namely Gly47Arg [132], Ser52Pro [133], Glu54Gly [134], 
Glu54Lys [135] and Leu55Pro [136] are all located in 
the Region 1 mutation “hot spot” (residues 44-59); 
whereas the TTR non-amyloidogenic mutations [96,99] 
(Gly6Ser, Met13Ile, Asp74His, His90Asn, Asp99Asn, 
Gly101Ser, Gly101Asp, Pro102Arg, Arg104His, Ala108Ala, 
Ala108Val, Ala109Thr, Tyr116Val, Thr119Thr, Thr119Met, 
and Pro125Ser) are preferentially located in Regions 4 
and 6 (residues 97 to 125). In addition, some parts of 
the polypeptide chain present a low frequency of 
mutations, as is the case of the N-terminus (11 resi-
dues and 6 mutations), and the C-terminus (5 residues 
and 3 mutations). Exon 3 (residue 48 to 92) is the most 
mutated exon with 87 mutations, followed by exon 2 
(residue 4 to 47) with 77 mutations, exon 4 (residue 93 
to 127) with 50 mutations, and exon 1 (residue 1 to 3) 
with 2 mutations. The regions with the highest and the 
lowest mutation frequencies stand out when the 3D 
backbone structure of the TTR subunit is color-mapped 
(Figure 3B), revealing major “hot spots” at β-strands B, 
C, and D, as shown in red, dark red, and black.

A complete understanding of the effects of each 
point mutation on the overall structure and stability 
of the TTR monomers and tetramer is essential to 
unravel sequence–structure relationships. The group 
of mutations found to either stabilize or destabilize 
the protein varies according to the nature of the sub-
stituted amino acid. Some mutations affect crucial 
interactions within the protein, which in turn lead to 
misfolding and aggregation (amyloidogenic variants), 
while others can be innocuous (non-amyloidogenic or 
protective variants).

According to Figure 4, aspartic acid is the most fre-
quently replaced/mutated residue of the protein 
sequence, followed by arginine, isoleucine, phenylala-
nine, and alanine. TTRwt contains 5 aspartic acids (Asp) 
in its sequence (Asp18, Asp38, Asp39, Asp74, and 
Asp99) which have all been associated with one or 
more mutations per residue (Asp18Asn, Asp18Glu (2×), 
Asp18Gly, Asp38His, Asp38Tyr, Asp38Asn, Asp38Gly, 
Asp38Val, Asp38Ala, Asp39Tyr, Asp39Val, Asp74His, and 
Asp99Asn − 14 in total). In opposition, other residues 
show high conservation propensities, like tryptophan, 
asparagine, proline, and lysine. On the other hand, the 
residues that most frequently replaces the original res-
idues present in TTRwt are serine, arginine, and ala-
nine; a fact that directly correlates with the high 
number of RNA codons coding for these residues in 
the genetic code. Serine substitutes several different 
residues along the protein sequence and is present in 
25 TTR mutants (Gly4Ser, Gly6Ser, Pro24Ser, Ala25Ser, 
Asn27Ser, Val28Ser, Arg34Ser, Pro43Ser, Phe44Ser, 
Ala45Ser, Thr49Ser, Glu54Ser, Phe64Ser, Ala81Ser, 
Ile84Ser, Ala91Ser, Ala97Ser, Gly101Ser, Arg103Ser, 
Ala109Ser, Tyr114Ser, Tyr116Ser, Ala120Ser, Asn124Ser, 
and Pro125Ser) which have largely been identified as 
amyloidogenic (exceptions are Gly6Ser, Gly101Ser, and 
Pro125Ser). Inversely, the residue which less frequently 
replace mutated residues is tryptophan (one single 
RNA codon), followed by phenylalanine, cysteine, and 
glutamine, with only two RNA codons available in the 
genetic code [137]. TTRwt contains 2 tryptophan resi-
dues (Trp) in its sequence (Trp41 and Trp79), but only 
one mutation associated with Trp41 has been identi-
fied (the amyloidogenic mutation Trp41Leu).

Additionally, even if all amyloidogenic, different 
pathogenic TTR mutations may produce different phe-
notypes, with different clinical manifestations and tar-
geted organs, either leading to polyneuropathy, 
cardiomyopathy, vitreous opacities, carpal tunnel syn-
drome, CNS dysfunction, or leptomeningeal involvement. 
That is the case of residue in position 114, with 3 muta-
tions identified (Figure 2). While Tyr114Cys conduces to 
ATTRv-PN [138], Tyr114Ser causes ATTRv-CM [139],  

Table 3. R egions of TTR high mutation frequency, and their 
characterization concerning residue number, structure localiza-
tion, exon localization, and number of mutations per region 
along the 127-amino acid mature sequence of human TTR. 
Duplication mutations (Met13_dup and Glu51-Ser52_dup) and 
the deletion mutation (Val122_del) were not considered in the 
analysis.
Region Residues Localization Exon N° of mutations

1 44-59 β-strand D
CD loop
part of the DE loop

2, 3 48

2 26-43 β-strands B and C
BC loop

2 39

3 60-76 part of the DE loop
β-strand E
α-helix

3 29

4 97-112 part of the FG loop
β-strand G
GH loop

4 26

5 77-96 αF loop
β-strand F

3, 4 26

6 113-125 β-strand H
C-terminal

4 18

7 14-25 AB loop 2 16
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and Tyr114His is implicated in hereditary carpal tunnel 
syndrome ATTRv [140]. On the other hand, in the case 
of residue in position 45 all five known amyloidogenic 
variants specifically target the heart: Ala45Val, Ala45Ser, 
Ala45Thr, Ala45Gly, and Ala45Asp [111,141–144]. 
Similarly, mutation of residue in position 47 also leads 
to a unique phenotype, in this case ATTRv-PN, as 
observed in Gly47Arg, Gly47Ala, Gly47Glu, and Gly47Val 
[145–148].

Mutations of the TTR gene have already been associ-
ated with more than 200 pathogenic variants (Figure 2),  
and the reason why different mutations produce dis-
tinct clinical manifestations and different onset ages is 
still under investigation. Even when multiple symptoms 
are present in patients carrying the same mutation, 
clinical phenotypes do not always coincide, and the 
same mutation may be associated with different symp-
toms, their severity, and age of onset, even within the 
same kindred [149]. A clear example is the distinct 
pathological phenotype observed in Val30Met TTR car-
riers, with three main endemic foci in Portugal, Sweden, 
and Japan. Val30Met Portuguese and Japanese kin-
dreds generally experience disease early onsets (below 
age 50, normally 30-40), severe disease, and high dis-
ease penetrance [150,151], while Val30Met Swedish 
families often present disease late onsets (above age 
50, usually 60), intermediate disease severity, and low 
disease penetrance [152]. Nevertheless, beyond these 
endemic foci, other unrelated Val30Met TTR carriers 
have also been identified worldwide, where late-onset 
cases have found to be more prevalent and widely 
spread [153]. This clinical heterogeneity seems to be 
strongly correlated with the amyloid fibril composition 
found in the amyloid deposits of ATTRv patients. The 
early onset of the disease is associated with deposits 
containing only full-length TTR (type B fibrils), whereas 
the late onset of the disease is related to deposits with 
a mixture of full-length TTR and large amounts of 
C-terminal TTR fragments (type A fibrils) [154, 155] and 
composed by a combination of amyloidogenic TTRv 
and TTRwt [156]. Another example of heterogeneous 
disease onset is the case of the Thr60Ala TTR variant 
that has been associated with early and late disease 
onsets (23 and 70 years old women, respectively) 
[157,158], causing simultaneously severe restrictive 
ATTRv-CM and ATTRv-PN. These observations indicate 
that the basis of the amyloid phenotype expression is 
not only due to a certain disease-triggering mutation, 
but also the amyloid fibril composition and type and 
eventually other genetic and environmental factors 
[73,159–161]. Recent studies showed that non-coding 
regions and the variation of the mutations in the TTR 
gene may also influence the phenotypic heterogeneity 
of ATTRv [162–169].

Figure 4. TTR  mutation map. TTRwt residues are represented 
in green (wt) and mutations in red (mut). The scheme depicts 
the type of amino acid (AA), number and location of known 
naturally occurring mutations in the mature 127-residue 
sequence of hTTR, as well as: i) AA prevalence in hTTRwt (A); ii) 
the number of mutations a given AA suffers (B) (e.g. Asp is the 
amino acid that suffers most mutations, in fact, all Asp residues 
in the sequence have suffered mutations); iii) number of times 
a certain AA is introduced by mutation (C) (e.g. Ser is the AA 
most often introduced by mutation, being involved in a total of 
25 mutations, so far, mostly amyloidogenic); iv) respective 
mutation ratio relative to the prevalence of each AA in hTTRwt 
(D = B/A); and v) mutation ratio of the introduction of a given 
AA per 20 AA (E = C/20). The duplication mutations (Met13_dup 
and Glu51-Ser52_dup) and the deletion mutation (Val122_del) 
were not included in the diagram. N/A – non-applicable.
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3.3.  Transthyretin structural fluctuations that 
promote fibrillogenesis

TTR amyloidogenesis is initiated by the dissociation of 
the native tetramer into monomers that undergo con-
formational fluctuations to partially unfolded intermedi-
ates, which self-assemble into soluble oligomers and 
amyloid fibrils [170]. Analysis of X-ray structures of 
tetrameric TTRwt and several of its natural variants 
revealed that both amyloidogenic and non-amyloidogenic 
mutations induce only minor changes in the overall tri-
dimensional structure of the protein [171,172]. Hence, 
single amino-acid substitutions must affect the confor-
mational stability and folding/unfolding transitions of 
the protein rather than its overall structure [173]. The 
characterization of transient states populating the con-
formational ensemble between the natively folded func-
tional TTR and aggregation-prone forms is of extreme 
relevance for understanding fibrillogenesis. The confor-
mational changes identified as “amyloidogenic”, both by 
experimental and computational studies, point to struc-
tural perturbations occurring at different locations: the 
α-helix and adjacent EF loop [174–177]; displacement of 
β-strands F, G, and H [178]; displacement of β-strands C 
and D from the β-sheet [179–184]; destabilization of the 
CBEF β-sheet [180]; destabilization of the CD loop [185] 
and FG loop [186]; proteolytic cleavage of Lys48 − Thr49 
peptide bond in the CD loop [187]; destabilization of 
the DAGH β-sheet [179,188–190]; and cooperative con-
formational transitions to α-sheet of both TTR β-sheets 
[191,192]. Depending on the localization in the poly-
peptide chain and eventually the type of amino acid 
involved in the TTR amyloidogenic mutation, each one 
of these conformational changes may be related to 
local structural perturbations or partial unfolding, 
decreasing the conformational stability of the overall 

molecule, and accelerating tetramer dissociation and 
subsequent monomer aggregation into oligomers and 
amyloid fibrils.

4.  Transthyretin aggregation

4.1.  Transthyretin aggregation models

Understanding the mechanism of TTR fibrillogenesis is 
critical for the rational design of therapeutic approaches 
aimed at retarding, preventing, and/or reverting amy-
loid formation and fibril deposition. Attempts to 
unravel the molecular mechanisms of TTR amyloi-
dogenesis led to many experimental and theoretical 
studies over the years, and several models have 
emerged. The various models focused on the explana-
tion of different aspects of the aggregation pathway, 
given the experimental conditions used, and contrib-
uted to the overall understanding of the process, com-
plementing each other. Table 4 describes the main 
features underlying some of the models used to 
describe TTR aggregation in the past decades. Most 
models proposed the existence of a conformationally 
unstable intermediate that acquires conformational sta-
bility through aggregation, in the pathway to amyloid 
fibril formation [193,194]. Different starting oligomeric 
states have also been proposed over the years, from 
tetramers to dimers and monomers.

In the last two decades, a consensus has developed 
in the field that, in most instances, the molecular spe-
cies that initiates the aggregation cascade is mono-
meric in nature (Table 4 and Figure 5). This implies 
tetramer dissociation to a monomeric intermediate as 
the first step of TTR fibril formation, followed by partial 
unfolding of the monomeric species and aggregation 

Figure 5. T ransthyretin amyloid cascade. The tetrameric native form of TTR undergoes dissociation to a non-native monomer 
which upon partial unfolding and self-aggregation forms prefibrillar species, such as soluble oligomers and, eventually, mature 
amyloid fibrils.
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into amyloid. Since tetramer dissociation is the first 
step toward TTR amyloid formation and the rate-limiting 
step for fibrillogenesis [208], it is paramount to charac-
terize the dissociation pathway. The quaternary struc-
ture of TTR contains two distinct dimer-dimer interfaces 
– AB/CD and AC/BD, interfaces between transversal 
and longitudinal dimers, respectively (Figures 1 and  5). 
Several pathways may be envisaged for the dissocia-
tion of a homotetrameric protein. However, the disso-
ciation mechanism reported for TTR consists of an 
initial AB/CD dimer-dimer scission followed by a rapid 
dissociation of dimers into monomers [208]. This disso-
ciation mechanism also rationalizes and points toward 
the relevance of stabilizing the tetrameric conforma-
tion by small molecule binding to the natural thyrox-
ine binding sites which are located in the AB/CD 
dimer-dimer interface, according to one of the thera-
peutic approaches currently available to ATTR patients 
[209]. Conversely, the refolding mechanism from 
unfolded monomers to native tetramers comprises a 
single intermediate with monomeric characteris-
tics [210].

4.2.  Transthyretin aggregation protocols

Several studies on the aggregation pathway of TTR 
have demonstrated that amyloid fibril formation is pre-
ceded by the dissociation of the native tetramer into 
non-native monomers that self-assemble into 
non-fibrillar cytotoxic oligomers, which are prone to 
form protofibrils and elongate into mature amyloid 
fibrils. Table 5 lists the various TTR aggregation proto-
cols reported in the literature. These are not only use-
ful to study aggregation mechanisms but also to 
screen for potential aggregation inhibitors [211,212] 
and modulators [213,214]. The experimental conditions 
of these aggregation protocols vary widely with some 
making use of proteolytic cleavage, organic solvents, 
and temperature, while others submit the protein to 
sample aging, high pressure, low pH, changes in ionic 
strength, or use a combination of these destabilizing 
effects. TTR aggregation species formed in vitro have 
many morphological and tinctorial properties common 
to amyloid material found in vivo, and may therefore 
be used to study TTR fibrillation leading to ATTR amy-
loidosis [215]. Depending on the goals of a particular 
study, different experimental conditions and protocols 
may be used, but it must be kept in mind that the 
kinetics of the processes and the structural and oligo-
meric features of the intermediate and final species 
vary. In particular, it must be stressed that the coexis-
tence of different relative amounts of well-structured 
amyloid aggregates and amorphous aggregates varies 

significantly from condition to condition and protocol 
to protocol.

5.  Conclusions

Transthyretin (TTR) is a transport protein for thyroid 
hormones (THs) and retinol in association with the 
retinol-binding protein (RBP). Nevertheless, TTR may 
exhibit additional biological functions albeit less 
known. More than 200 TTR natural variants have 
already been identified and most of them are patho-
genic (∼93%). Hereditary transthyretin amyloidosis 
polyneuropathy (ATTRv-PN) and hereditary transthyre-
tin amyloidosis cardiomyopathy (ATTRv-CM) are the 
most common clinical manifestations of hereditary 
ATTR. Additionally, wild-type TTR also forms amyloid 
leading to ATTRwt, a mainly age-related progressive 
cardiomyopathy with poor prognosis and characterized 
by heart failure. Among human proteins, TTR has a 
high rate of mutations leading to amyloid fibril forma-
tion. An average of 1.7 point mutations (216 mutations 
in total) have been identified per residue of the TTR 
polypeptide chain subunit (with 127 residues). TTR 
amyloid fibrils are highly stable β-structured protein 
aggregates. Different pathogenic TTR mutations can 
produce different phenotypes, with different clinical 
manifestations and targeted organs, either leading to 
polyneuropathy, cardiomyopathy, vitreous opacities, 
carpal tunnel syndrome, CNS dysfunction, or leptome-
ningeal involvement. Genotype–phenotype correlations 
are not only due to specific triggering mutations but 
distinct pathological phenotypes within different pop-
ulations are observed for the same TTR mutated geno-
type. Most mutations result in single amino acid 
substitutions. “Hot spot” mutation regions are largely 
assigned to β-strands B, C, and D. The most aggressive 
amyloidogenic mutations are mainly localized in the 
44-59 segment of the protein sequence, whereas 
non-amyloidogenic mutations are mostly located in 
the 97-125 segment. Aspartic acid is the most mutated 
residue, followed by arginine, isoleucine, phenylalanine, 
and alanine. Tryptophan, asparagine, proline, and lysine 
residues show high conservation propensities along 
the protein sequence.

TTR fibrillogenesis occurs upon tetramer dissocia-
tion and partial unfolding to non-native monomers 
that undergo self-assembly into cytotoxic soluble 
oligomers and then into mature amyloid fibril depos-
its. Monomeric TTR species have been identified as 
crucial intermediates in amyloid fibril formation, either 
by wild-type TTR (TTRwt) or by other amyloidogenic 
TTR variants (TTRv). TTR fibrillogenesis can be rapidly 
and efficiently reproduced in vitro through various 
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experimental protocols taking advantage of different 
experimental conditions using proteolytic cleavage, 
organic solvents, high temperature, sample aging, high 
pressure, low pH, changes in ionic strength, or a com-
bination of these protein destabilizing effects. These 
different experimental conditions, however, produce 
different oligomeric species, and in particular, different 
proportions of amyloid and amorphous aggregates, 
which must be considered when studying fundamen-
tal processes in protein aggregation and amyloidogen-
esis and when screening for amyloid inhibitors and 
modulators in drug discovery and development.
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