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Short Conceptual Overview
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Transthyretin microheterogeneity and molecular 
interactions: implications for amyloid formation

Abstract: Aggregation of transthyretin (TTR), a plasma-
binding protein for thyroxine and retinol-binding protein, 
is the cause of several amyloid diseases. Disease-associ-
ated mutations are well known, but wild-type TTR is, to 
a lesser extent, also amyloidogenic. Monomerization, not 
oligomer formation as in several other depository diseases, 
is the rate-limiting step in TTR aggregation, and stabiliza-
tion of the natively tetrameric form can inhibit amyloid 
formation. Modifications on Cys10, as well as interactions 
with native ligands in plasma, were early found to influ-
ence the equilibrium between tetrameric and monomeric 
TTR by dissociating or stabilizing the tetramer. Following 
these discoveries, synthetic ligands for pharmacological 
prevention of TTR aggregation could be developed. In this 
article, we outline how the different types of TTR interac-
tions and its microheterogeneity in plasma are related to 
its propensity to form amyloid fibrils. We conclude that 
plasma constituents and dietary components may act as 
natural TTR stabilizers whose mechanisms of action pro-
vide cues for the amelioration of TTR amyloid disease.
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Introduction
Transthyretin (TTR, initially known as prealbumin) is pre-
dominantly a carrier protein, mainly associated with the 
transport of thyroxine (T4) and the complex of retinol and 
retinol-binding protein 4 (RBP) in plasma (1). Emerging 
evidence indicates a complex role of TTR in the distribu-
tion of T4 and retinol (2). Besides its transporter functions, 
TTR is implicated in a wide variety of additional physi-
ological processes, such as thermoregulation and endo-
crine roles, and is produced at several sites. In addition, it 
has been shown to exert protease activity and chaperone-
like actions (3, 4), which may provide links between TTR 
and Alzheimer’s disease (5, 6).

Under physiological conditions, as prevailing in the 
circulation, TTR predominantly exists as tetramers com-
posed of two dimers of the 127-residue monomer. The 
molecular architecture of the TTR tetramer has been 
studied extensively (7), yielding atomic-resolution infor-
mation about ligand interactions (8), the architecture of 
the retinol transport complex with RBP (9), and the effects 
of mutations on the amyloidogenic propensities of TTR 
(7, 10). Presently, pharmacological intervention and drug 
development efforts are promising approaches to treat 
TTR amyloidosis (11, 12).

In early experiments, our group identified sequence 
similarities among TTR, RBP, and gastrointestinal hor-
mones, indicating potential interactions (13). Already 
then, purification of native TTR from sera suggested a 
monomer-dimer-tetramer equilibrium and ligand interac-
tions that are influenced by factors in native plasma and 
by protein modifications (14–17). Those early findings were 
of unclear significance at the time but have hinted at the 
complex relationship among TTR modifications, oligomer-
ization, and ligand interactions. In this article, we survey 
recent insights into the relationships of old observations 
and present conclusions about possible roles of plasma 
factors in both TTR aggregation and protein dynamics.
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TTR folding and amyloid formation
TTR can cause amyloid diseases (18), ranging from sporadic 
deposits in the heart and blood vessels of aged individuals 
(systemic senile amyloidosis, or SSA) to severe systemic or 
local amyloidoses with polyneuropathy (familial amyloid 
polyneuropathy, or FAP) or cardiac myopathy (familial 
amyloid cardiomyopathy, or FAC) (19). The overwhelming 
majority of the TTR-related depositary diseases are caused 
by mutations that alter the stability of its tertiary or qua-
ternary structure, and in this manner, promote amyloid 
formation (see below). However, wild-type (WT) TTR also 
displays a considerable aggregation propensity and has 
been identified as the major component of amyloid depos-
its in SSA (20). Studies of ex vivo preparations of protein 
deposits from patients with sporadic and familial forms 
of TTR-derived amyloidosis have uncovered that proteo-
lytically cleaved TTR is present in distinct forms of amyloid 
fibrils (21–24). In the case of the S52P mutant, these frag-
ments were found to be significantly more amyloidogenic 
than the corresponding full-length TTR and therefore pos-
sibly act as triggers for aggregate formation (23).

Several lines of evidence point to the full-length TTR 
monomer as the amyloidogenic species and its detach-
ment from the native TTR tetramer as the rate-limiting 
step for fibrillogenesis (25). Overall, monomerization as 
requirement for fibrillation is unusual among amyloi-
dogenic proteins because oligomerization is otherwise 
often the first step in protein aggregation. Pioneer-
ing work on recombinant TTR by the group of Jeffery 
Kelly has demonstrated that the WT TTR tetramer is 
significantly destabilized when exposed to a mildly 
acidic environment (26). Crystallographic analyses 
revealed that the only helical portion of TTR, the EF-
loop-helix-region, is partially disordered in two of the 
four TTR subunits in response to low pH, which leads to 
reduced contacts between the two halves of the tetramer 
(27). As a result, the native TTR tetramer dissociates 
more readily into aggregation-competent monomers. 
However, changes in the quaternary structure alone are 
not sufficient to trigger amyloid formation but merely 
lead to a loss of protection against the factors that initi-
ate aggregation (28).

The subsequent aggregation of the monomer into 
amyloid fibrils occurs via additional unfolding events that 
could even prevent tetramer reassembly (29). NMR studies 
on an engineered TTR monomer with WT-like struc-
ture suggests that this conversion is a stochastic process 
facilitated by localized structural fluctuations (30). It is, 
however, impacted by a wide variety of natural factors, as 
outlined below.

Mutations link TTR stability and 
amyloid disease
Naturally occurring point mutations in TTR provide 
a direct link between protein stability and amyloid 
disease. Over 100 TTR mutations that cause familial 
forms of TTR amyloidosis have been identified to date 
(www.amyloidosismutations.com/attr). Mapping of the 
most prevalent mutations in the tetramer structure and 
the analysis of their effects on the TTR stability in vitro 
have provided further clues to the molecular underpin-
nings of TTR aggregation (10). It should, however, be 
noted that the change in stability conveyed by a specific 
mutation does not alone correlate with its pathogenicity 
in vivo because of cellular protection mechanisms that 
prevent some highly aggregation-prone variants from 
being secreted (31).

The disease-associated mutations promote aggre-
gation by destabilizing the quaternary structure of the 
tetramer or the tertiary structure of the subunits. This is 
exemplified by three point mutations that have yielded 
detailed information about the relationship between the 
molecular contacts in the tetramer and the tendency to 
form amyloid deposits. The L55P mutation gives rise to 
early-onset FAP (32), increases the subunit exchange rate 
of the tetramer compared with the WT form, and leads to 
more frequent release of monomeric TTR, which can then 
aggregate (10). The V30M mutation, which is also asso-
ciated with FAP (33), does not affect tetramer stability 
but increases the aggregation propensity of the released 
monomer (10). The T119M mutation, meanwhile, stabi-
lizes the tetrameric conformation by providing additional 
contacts at the dimer-dimer interface (10). It also delays 
onset of cerebrovascular disease and prolongs life expec-
tancy (34). Hammarström et al. (35) were able to show that 
coexpression of V30M and T119M prevents TTR fibrillation 
by locking the aggregation-prone V30M monomers into 
stable heterotetramers with T119M subunits, demonstrat-
ing that tetramer stabilization can ameliorate TTR-related 
amyloidosis.

Cysteine modifications have differ-
ential effects on TTR aggregation
The frequent occurrence of SSA suggests that age-related 
modifications, specifically protein oxidation, may affect 
the aggregation propensity of TTR and promote amyloid 
disease (36, 37). Early electrophoretic studies showed 
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multiple isoelectric points and sizes for plasma TTR, 
which has also been attributed to the presence of protein 
modifications (14) including different oxidation states (38) 
of the cysteine residue at position 10. Further investiga-
tions then led to the discovery that Cys10 can form mixed 
disulfides with glutathione (GSH) and its fragments or 
with other S-reactive components (14, 15). TTR tetramers 
purified from plasma were found to contain different com-
binations of possible modifications at this position, and 
Cys10-modified TTR monomers could be reassembled into 
mixed tetramers (14, 15). Interestingly, these thiol group 
alterations were found to affect the monomer-tetramer 
equilibrium (14, 15).

In line with this conclusion, modification of Cys10 
with cysteine, full-length GSH, and CysGly fragments 
were found to destabilize WT TTR and the V30M variant in 
vitro (39, 40). Although it was reported that the presence 
of mixed disulfides predominantly affects the aggregation 
propensity of monomeric TTR at mildly acidic pH (39), 
analytical ultracentrifugation experiments have shown 
that S-cysteinylation also enhances tetramer dissocia-
tion at physiological pH (41). The heterogeneous oxidative 
modifications produced by carbonylation of TTR destabi-
lize its monomeric form and interfere with the binding of 
tetramer-stabilizing compounds (42).

Interestingly, the oxidized Cys10 variant, which has 
also been found in plasma preparations of TTR, inhibits 
aggregation, and it has been speculated that this is due 
to an increased tetramer stability of this form (43). There-
fore, oxidation-related or other modifications of Cys10 all 
affect the aggregation propensity and tetramer stability 
of TTR, but to different extents and in multiple manners, 
underlining the importance of protein microheterogeneity 
in amyloidoses.

S-Sulfonation of Cys10 was identified as another 
naturally occurring modification with differential effects 
on TTR stability (Figure 1A). Cysteine S-sulfonation was 
observed in patients suffering from hereditary amyloido-
sis. However, this occurred in connection with the intro-
duction of a second cysteine, also S-sulfonated, through 
a point mutation at position 33. Hence, the altered 
aggregation propensity of the S-sulfonated TTR could in 
this case not be ascribed solely to the sulfonation (44). 
Instead, several studies have identified that S-sulfona-
tion of WT and V30M TTR increases the stability of the 
tetrameric form by providing additional intramonomeric 
contacts and in this manner prevents amyloid forma-
tion (41, 45, 46). This raises the possibility that increased 
S-sulfonation of Cys10, for example, through the dietary 
supplementation of sulfites, may have a protective effect 
against TTR amyloidosis (47).

Figure 1 Examples of interaction sites that can be targeted to 
prevent TTR aggregation.
(A) Cys10 sulfonation (red) stabilizes intramolecular interactions 
and reduces monomer unfolding (PDB ID 2H4E). (B) T4 binding (red) 
to the hydrophobic channel between the subunits reduces tetramer 
dissociation by increasing inter-subunit contacts (PDB ID 1ICT). 
(C) EGCG binding (red) supports the otherwise labile tetrameric form 
of the V30M mutant (PDB ID 3NG5).

Interactions at the T4-bind-
ing pockets reduce tetramer 
dissociation
Another source of plasma TTR heterogeneity besides 
oxidative modifications was found to be the dynamic 
monomer/tetramer equilibrium of TTR, and its self-
association may be affected by plasma components. For 
example, zinc can interact with tetrameric TTR via four 
low-affinity-binding sites and destabilize the monomeric 
form (48).
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The discovery that TTR aggregation can be prevented 
by stabilization of its tetrameric form was quickly followed 
by reports that T4, the primary TTR ligand, inhibits TTR 
aggregation (49). The two T4-binding sites on the tetramer 
form two deep hydrophobic cavities that are connected at 
the ends. Both have a positively and a negatively charged 
residue at the entrance, which interact with the charges on 
the zwitterionic T4 ligand (8). Bound T4 acts as mediator 
for interactions between both halves of the tetramer and 
prevents the release of the aggregation-prone monomer 
(Figure 1B) (49).

However, only a small amount of the binding sites 
in plasma TTR tetramers are occupied (50–52), blurring 
the significance of its stabilizing effect in vivo. Neverthe-
less, the availability of TTR-binding sites has spawned 
successful efforts to design synthetic ligands that mimic 
the molecular contacts of T4 in the TTR tetramer, while 
not interfering with the T4 biological actions through-
out the organism (11, 53). Of these, the ligand tafamidis 
is currently in phase III clinical trials for the treatment 
of FAP (54), and other molecular classes approved for 
human use in other contexts, including nonsteroidal anti-
inflammatory drugs such as diclofenac and diflusinal and 
antibiotics such as tetracyclines, can effectively stabilize 
tetrameric TTR (12).

T4 binding exhibits negative cooperativity, with only 
a single binding site occupied by the ligand (11). Bivalent 
inhibitors that engage both sites at the same time have 
emerged as an alternative framework for aggregation 
inhibitor design, in addition to the ligands that are based 
on the T4 structure. Ligands composed of two bisaryl moi-
eties connected by a hydrophobic 7- to 10-carbon linker 
can be incorporated during tetramer formation to trap 
free TTR in non-dissociable complexes (55). Further modi-
fication of the end groups and an increased alkyl linker 
length of 11 carbons have yielded palindromic ligands that 
can bind to preformed tetramers. Co-crystallization with 
these ligands confirms the occupation of the two T4-bind-
ing sites and indicates how they can be inserted into the 
‘hourglass’ channel of the TTR tetramer (56).

Although their pharmacological suitability is not yet 
fully explored, such bivalent ligands may have advan-
tages over monovalent aggregation inhibitors. A single 
ligand-binding event is sufficient to reduce TTR aggrega-
tion (57), but the occupation of both binding sites at the 
same time provides greater tetramer stabilization (55). In 
addition, bivalent ligands are unlikely to compete with T4 
for interactions with other T4 carrier proteins or receptors. 
If, however, the microheterogeneity and dynamic behav-
ior of plasma TTR is relevant for physiological functions, 

the massive stabilization of tetrameric TTR might have 
more widespread effects than previously thought, as it 
cannot be ruled out that monomeric TTR may also fulfill 
specific physiological functions.

It is well established that interactions with RBP can 
stabilize the tetrameric TTR structure and prevent aggre-
gation. The TTR:holoRBP retinol transport complex com-
posed of four TTR molecules, two RBP molecules, and 
two retinol moieties is resistant to pH-induced aggrega-
tion, which can be attributed to the extensive interac-
tion network between the two halves of the TTR tetramer 
and the two RBP (7). In addition, a recent study has pro-
vided evidence that complex formation with T4 and RBP, 
and also with free retinoic acid, can efficiently inhibit 
TTR tetramer subunit exchange and prevent aggregation 
(58). In the TTR-RBP-retinol complex, the TTR tetramer 
may bind two RBP-retinol moieties in vitro (9). In the 
absence of RBP, retinoic acid was found to compete with 
T4 for binding to the TTR tetramer and prevent subunit 
exchange, whereas nonionic derivates did not bind to TTR 
or affect its tetramer stability (58). With support from crys-
tallographic studies (59), these findings suggest that retin-
oic acid can insert into the T4-binding sites between the 
TTR dimers, interact with the charged amino acids at the 
entrance though its carboxyl group, and in this manner 
stabilize the tetrameric form.

These effects of retinol then raise further possi-
bilities in relation to our early demonstration that TTR 
isolated from human and chicken plasma or amyloid 
deposits from humans copurified with a yellow com-
ponent (15, 22). In human TTR, the yellow component 
was found to be related to pterin (15). In chicken TTR, 
this compound was identified as lutein, a carotene deri-
vate that differs from β-carotene by just two additional 
hydroxyl groups (17) (Figure 2). Despite the fact that TTR 
does not appear to be a physiologically relevant lutein 
carrier in humans (60), it has to be noted that lutein 
and several other carotenoids are structurally related to 
retinoic acid. Considering the successful use of T4-bind-
ing site ligands to prevent TTR aggregation (12) as well as 
the stabilizing effects of retinoic acid (58) and the ability 
to associate with lutein (17), it appears likely that other 
naturally occurring molecules with a similar architecture 
can potentially stabilize the TTR tetramer when present 
at sufficiently high concentrations. Bearing in mind the 
interactions of TTR with lutein and free retinoic acid, 
plasma components with similar structural properties 
could have beneficial effects in TTR-related amyloidosis, 
even if they do not require TTR as a physiologically rel-
evant carrier in plasma.
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TTR can be stabilized though 
interactions at other sites

The inhibition of protein aggregation by other natural 
dietary components was previously established to amelio-
rate depository diseases. Examples are curcumin and the 
green tea polyphenol epigallocatechin 3-gallate (EGCG), 
both of which can inhibit the aggregation of Alzheimer’s 

disease-associated Aβ peptide and Parkinson disease-
associated α-synuclein (61, 62). Their activity against such 
a broad spectrum of amyloidogenic proteins suggests that 
these polyphenolic compounds interfere with the self-
assembly of unfolded or refolded peptides rather than 
conserving their native conformations (61). However, it 
has been shown that EGCG prevents TTR aggregation by 
stabilization of the tetrameric conformation. X-ray crystal-
lography revealed that EGCG binds to multiple sites on the 

Figure 2 Experimental structures and computational models of TTR complexed with natural and engineered ligands bound to the T4 
binding site(s).
Shown are surface renderings of the dimer-dimer interface of tetrameric TTR bound to (top to bottom): two T4 molecules (PDB ID 1ICT), the 
bivalent inhibitor 2,2′-{undecane-1,11-diylbis[oxy(3,5-dichlorbenzene-4,1-diyl)imino]}dibenzoic acid (PDB ID 3IPB), retinoic acid (PDB ID 
1TYR), and, as a computational model based on PDB ID 3IPB, a lutein molecule fitted into the hydrophobic channel.
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TTR tetramer, four of which are located at the interface 
between the dimers but exclude the T4-binding channel 
(Figure 1C) (63). Curcumin, meanwhile, was shown to 
interact with TTR tetramers specifically at the T4-binding 
site (64). The ingestion of either EGCG or curcumin alle-
viates amyloidosis in mouse models of FAP (64–66), and 
new evidence suggests that EGCG even halts the progres-
sion of FAC in humans (67).

The prevention of TTR aggregation without engag-
ing the T4-binding channel can also be achieved through 
the use of high-affinity lysine-binding molecules termed 
molecular tweezers (68). Because lysine residues are 
key interaction points for several amyloidogenic pro-
teins, molecular tweezers can prevent rearrangements of 
the protein structure and/or self-assembly of misfolded 
species (69). Although it is unclear which lysine positions 
and state(s) during TTR aggregation are targeted, molec-
ular tweezers have been shown to effectively prevent 
amyloid formation in vitro and in mouse models of heredi-
tary TTR amyloidosis (68, 70).

Trends and future directions
TTR amyloidosis may become an instance of a protein 
aggregation disease that can be ameliorated by phar-
macological intervention. Although a close relationship 
between monomer formation and fibril formation has been 
uncovered, the factors that imbalance TTR stability in vivo 
are still unclear. Plasma contains monomeric, dimeric, 
and tetrameric TTR with modifications that have oppos-
ing effects on its aggregation propensity. The plasma com-
ponents T4 and retinol as well as zinc ions can stabilize 
TTR but individually occupy only a small fraction of the 
available TTR-binding sites. The dietary administration of 
a wide range of compounds can be used as a strategy to 
stabilize the tetrameric form and prevent amyloid forma-
tion. In the light of the present-day findings with drugs 
and extrinsic compounds, a wider screen of the effects of 
previously discovered interaction partners like retinol and 
lutein, but also chemically active agents such as sulfites, 
might be motivated to evaluate combined effects on the 
TTR quaternary structure and its stabilization.

It is likely that TTR dynamics are controlled by a 
combination of factors. Transient binding of a multiplic-
ity of plasma ligands may have a chaperone-like effect 
on monomeric or multimeric TTR or may lower the 
subunit exchange rates below the threshold for aggrega-
tion without a need for constant saturation. The ligand 
binding properties may also differ depending on the local-
ization of the protein and stabilize TTR specifically under 

aggregation-promoting conditions. A similar example is 
the regulation of insulin solubility by proinsulin C-pep-
tide, which has a monomerizing effect on insulin at gran-
ular pH (71). In the light of this, the molecular interaction 
networks of TTR in intracellular and extracellular envi-
ronments may hold valuable information with regard to 
its roles in health and disease.

Highlights
–– TTR is a plasma carrier protein for T4 and retinol via 

RBP4 and is associated with amyloid diseases.
–– TTR aggregation is dependent on dissociation of the 

natively folded tetramer.
–– Designed and natural TTR ligands can stabilize 

tetrameric TTR and prevent amyloid formation.
–– Oxidative modifications and interactions with low 

molecular weight ligands affect the monomer-
tetramer equilibrium in plasma.

–– The microheterogeneity and the dynamic behavior of 
TTR controlled by different plasma factors might be 
related to its biological functions. Dietary influences 
are also possible.

Acknowledgments: Support from the Swedish Science 
Council and the Science for Life Laboratory is gratefully 
acknowledged.

References
1.	 Vieira M, Saraiva MJ. Transthyretin: a multifaceted protein. 

Biomol Concepts 2014; 5: 45–54.
2.	 Schreiber G. The evolutionary and integrative roles of transthyretin 

in thyroid hormone homeostasis. J Endocrinol 2002; 175: 61–73.
3.	 Liz MA, Leite SC, Juliano L, Saraiva MJ, Damas AM, Bur D, 

Sousa MM. Transthyretin is a metallopeptidase with an inducible 
active site. Biochem J 2012; 443: 769–78.

4.	Cascella R, Conti S, Mannini B, Li X, Buxbaum JN, Tiribilli B, 
Chiti F, Cecchi C. Transthyretin suppresses the toxicity of oligom-
ers formed by misfolded proteins in vitro. Biochim Biophys Acta 
2013; 1832: 2302–14.

5.	 Costa R, Ferreira-da-Silva F, Saraiva MJ, Cardoso I. Transthyretin 
protects against aβ peptide toxicity by proteolytic cleavage of the 
peptide: a mechanism sensitive to the Kunitz protease inhibitor. 
PLoS One 2008; 3.

6.	Li XY, Zhang X, Ladiwala ARA, Du DG, Yadav JK, Tessier PM, 
Wright PE, Kelly JW, Buxbaum JN. Mechanisms of transthyretin 
inhibition of β-amyloid aggregation in vitro. J Neurosci 2013; 33: 
19423–33.

7.	 Palaninathan SK. Nearly 200 X-ray crystal structures of tran-
sthyretin: what do they tell us about this protein and the 



M. Landreh et al.: Transthyretin microheterogeneity and molecular interactions      263

	 design of drugs for TTR amyloidoses? Curr Med Chem 2012; 19: 
2324–42.

8.	Blake CC, Geisow MJ, Oatley SJ, Rerat B, Rerat C. Structure of 
prealbumin: secondary, tertiary and quaternary interactions 
determined by Fourier refinement at 1.8 Å. J Mol Biol 1978; 121: 
339–56.

9.	 Monaco HL. The transthyretin-retinol-binding protein complex. 
Biochim Biophys Acta 2000; 1482: 65–72.

10.	 Hammarström P, Jiang X, Hurshman AR, Powers ET, Kelly JW. 
Sequence-dependent denaturation energetics: a major determi-
nant in amyloid disease diversity. Proc Natl Acad Sci USA 2002; 
99: 16427–32.

11.	 Johnson SM, Connelly S, Fearns C, Powers ET, Kelly JW. The 
transthyretin amyloidoses: from delineating the molecular 
mechanism of aggregation linked to pathology to a regulatory-
agency-approved drug. J Mol Biol 2012; 421: 185–203.

12.	 Almeida MR, Gales L, Damas AM, Cardoso I, Saraiva MJ. Small 
transthyretin (TTR) ligands as possible therapeutic agents in 
TTR amyloidoses. Curr Drug Targets CNS Neurol Disord 2005; 4: 
587–96.

13.	 Jörnvall H, Carlstrom A, Pettersson T, Jacobsson B, Persson M, 
Mutt V. Structural homologies between prealbumin, gastrointes-
tinal prohormones and other proteins. Nature 1981; 291: 261–3.

14.	 Pettersson T, Carlström A, Jörnvall H. Different types of 
microheterogeneity of human thyroxine-binding prealbumin. 
Biochemistry 1987; 26: 4572–83.

15.	 Pettersson TM, Carlström A, Ehrenberg A, Jörnvall H. Transthyre-
tin microheterogeneity and thyroxine binding are influenced 
by non-amino acid components and glutathione constituents. 
Biochem Biophys Res Commun 1989; 158: 341–7.

16.	 Ernström U, Pettersson T, Jörnvall H. A yellow component 
associated with human transthyretin has properties like a pterin 
derivative, 7,8-dihydropterin-6-carboxaldehyde. FEBS Lett 1995; 
360: 177–82.

17.	 Pettersson T, Ernström U, Griffiths W, Sjövall J, Bergman T, 
Jörnvall H. Lutein associated with a transthyretin indicates 
carotenoid derivation and novel multiplicity of transthyretin 
ligands. FEBS Lett 1995; 365: 23–6.

18.	 Eisenberg D, Jucker M. The amyloid state of proteins in human 
diseases. Cell 2012; 148: 1188–203.

19.	 Sekijima Y, Kelly JW, Ikeda S. Pathogenesis of and therapeutic 
strategies to ameliorate the transthyretin amyloidoses. Curr 
Pharm Des 2008; 14: 3219–30.

20.	Westermark P, Sletten K, Johansson B, Cornwell GG 3rd. Fibril in 
senile systemic amyloidosis is derived from normal transthyre-
tin. Proc Natl Acad Sci USA 1990; 87: 2843–5.

21.	 Thylén C, Wahlqvist J, Haettner E, Sandgren O, Holmgren G, 
Lundgren E. Modifications of transthyretin in amyloid fibrils: 
analysis of amyloid from homozygous and heterozygous indi-
viduals with the Met30 mutation. EMBO J 1993; 12: 743–8.

22.	Hermansen LF, Bergman T, Jörnvall H, Husby G, Ranlov I, 
Sletten K. Purification and characterization of amyloid-related 
transthyretin associated with familial amyloidotic cardiomyo
pathy. Eur J Biochem 1995; 227: 772–9.

23.	 Mangione PP, Porcari R, Gillmore JD, Pucci P, Monti M, Porcari M, 
Giorgetti S, Marchese L, Raimondi S, Serpelle LC, Chen WJ, Relini A, 
Marcoux J, Clatworthy IR, Taylor GW, Tennent GA, Robinson CV, 
Hawkins PN, Stoppini M, Wood SP, Pepys MB, Bellotti V. Proteolytic 
cleavage of Ser52Pro variant transthyretin triggers its amyloid 
fibrillogenesis. Proc Natl Acad Sci USA 2014; 111: 1539–44.

24.	Bergström J, Gustavsson A, Hellman U, Sletten K, Murphy CL, 
Weiss DT, Solomon A, Olofsson BO, Westermark P. Amyloid 
deposits in transthyretin-derived amyloidosis: cleaved 
transthyretin is associated with distinct amyloid morphology. 
J Pathol 2005; 206: 224–32.

25.	 Kelly JW, Colon W, Lai Z, Lashuel HA, McCulloch J, McCutchen SL, 
Miroy GJ, Peterson SA. Transthyretin quaternary and tertiary 
structural changes facilitate misassembly into amyloid. Adv 
Protein Chem 1997; 50: 161–81.

26.	Colon W, Kelly JW. Partial denaturation of transthyretin is suf-
ficient for amyloid fibril formation in vitro. Biochemistry 1992; 
31: 8654–60.

27.	 Palaninathan SK, Mohamedmohaideen NN, Snee WC, Kelly JW, 
Sacchettini JC. Structural insight into pH-induced conforma-
tional changes within the native human transthyretin tetramer. 
J Mol Biol 2008; 382: 1157–67.

28.	Jiang X, Smith CS, Petrassi HM, Hammarström P, White JT, 
Sacchettini JC, Kelly JW. An engineered transthyretin monomer 
that is nonamyloidogenic, unless it is partially denatured. 
Biochemistry 2001; 40: 11442–52.

29.	 Quintas A, Vaz DC, Cardoso I, Saraiva MJM, Brito RMM. Tetramer 
dissociation and monomer partial unfolding precedes protofibril 
formation in amyloidogenic transthyretin variants. J Biol Chem 
2001; 276: 27207–13.

30.	Lim KH, Dyson HJ, Kelly JW, Wright PE. Localized structural fluc-
tuations promote amyloidogenic conformations in transthyretin. 
J Mol Biol 2013; 425: 977–88.

31.	 Sekijima Y, Wiseman RL, Matteson J, Hammarström P, Miller SR, 
Sawkar AR, Balch WE, Kelly JW. The biological and chemical basis 
for tissue-selective amyloid disease. Cell 2005; 121: 73–85.

32.	 Jacobson DR, McFarlin DE, Kane I, Buxbaum JN. Transthyretin 
Pro55, a variant associated with early-onset, aggressive, diffuse 
amyloidosis with cardiac and neurologic involvement. Hum 
Genet 1992; 89: 353–6.

33.	Dwulet FE, Benson MD. Polymorphism of human plasma thyrox-
ine binding prealbumin. Biochem Biophys Res Commun 1983; 
114: 657–62.

34.	Hornstrup LS, Frikke-Schmidt R, Nordestgaard BG, Tybjaerg-
Hansen A. Genetic stabilization of transthyretin, cerebrovascu-
lar disease, and life expectancy. Arterioscler Thromb Vasc Biol 
2013; 33: 1441–7.

35.	 Hammarström P, Schneider F, Kelly JW. Trans-suppression of 
misfolding in an amyloid disease. Science 2001; 293: 2459–62.

36.	Cornwell GG, Murdoch WL, Kyle RA, Westermark P, Pitkanen P. 
Frequency and distribution of senile cardiovascular amyloid – 
a clinicopathologic correlation. Am J Med 1983; 75: 618–23.

37.	 Stadtman ER. Protein oxidation and aging. Free Radic Res 2006; 
40: 1250–8.

38.	Felding P, Fex G. The increased negative charge of prealbumin 
in cerebrospinal fluid is acquired in vitro by oxidation of the 
cysteinyl residues without formation of disulphides. Scand J Clin 
Lab Invest 1984; 44: 231–8.

39.	 Zhang Q, Kelly JW. Cys10 mixed disulfides make transthyretin 
more amyloidogenic under mildly acidic conditions. Biochemis-
try 2003; 42: 8756–61.

40.	Zhang Q, Kelly JW. Cys-10 mixed disulfide modifications exac-
erbate transthyretin familial variant amyloidogenicity: a likely 
explanation for variable clinical expression of amyloidosis and 
the lack of pathology in C10S/V30M transgenic mice? Biochem-
istry 2005; 44: 9079–85.



264      M. Landreh et al.: Transthyretin microheterogeneity and molecular interactions

41.	 Kingsbury JS, Laue TM, Klimtchuk ES, Theberge R, Costello CE, 
Connors LH. The modulation of transthyretin tetramer stability 
by cysteine 10 adducts and the drug diflunisal. Direct analysis 
by fluorescence-detected analytical ultracentrifugation. J Biol 
Chem 2008; 283: 11887–96.

42.	Zhao L, Buxbaum JN, Reixach N. Age-related oxidative modifica-
tions of transthyretin modulate its amyloidogenicity. Biochemis-
try 2013; 52: 1913–26.

43.	Maleknia SD, Reixach N, Buxbaum JN. Oxidation inhibits 
amyloid fibril formation of transthyretin. FEBS J 2006; 273: 
5400–6.

44.	Lim A, Prokaeva T, McComb ME, Connors LH, Skinner M, 
Costello CE. Identification of S-sulfonation and S-thiolation of a 
novel transthyretin Phe33Cys variant from a patient diagnosed 
with familial transthyretin amyloidosis. Protein Sci 2003; 12: 
1775–85.

45.	Altland K, Winter P, Saraiva MJ, Suhr O. Sulfite and base for the 
treatment of familial amyloidotic polyneuropathy: two additive 
approaches to stabilize the conformation of human amyloidog-
enic transthyretin. Neurogenetics 2004; 5: 61–7.

46.	Gales L, Saraiva MJ, Damas AM. Structural basis for the protec-
tive role of sulfite against transthyretin amyloid formation. 
Biochim Biophys Acta 2007; 1774: 59–64.

47.	 Altland K, Winter P. Potential treatment of transthyretin-type 
amyloidoses by sulfite. Neurogenetics 1999; 2: 183–8.

48.	Palmieri Lde C, Lima LM, Freire JB, Bleicher L, Polikarpov I, 
Almeida FC, Foguel D. Novel Zn2+-binding sites in human tran-
sthyretin: implications for amyloidogenesis and retinol-binding 
protein recognition. J Biol Chem 2010; 285: 31731–41.

49.	Miroy GJ, Lai Z, Lashuel HA, Peterson SA, Strang C, Kelly JW. 
Inhibiting transthyretin amyloid fibril formation via protein 
stabilization. Proc Natl Acad Sci USA 1996; 93: 15051–6.

50.	Bartalena L, Robbins J. Thyroid hormone transport proteins. Clin 
Lab Med 1993; 13: 583–98.

51.	 Robbins J, Cheng SY, Gershengorn MC, Glinoer D, Cahnmann HJ, 
Edelnoch H. Thyroxine transport proteins of plasma. Molecular 
properties and biosynthesis. Recent Prog Horm Res 1978; 34: 
477–519.

52.	 Pettersson TM. Studies of thyroxine binding globulin and tran-
sthyretin (prealbumin) with special reference to their signifi-
cance for free thyroxine concentration. Dissertation, Karolinska 
Insitutet, 1989; ISBN: 91-7900-673-6.

53.	Connelly S, Choi S, Johnson SM, Kelly JW, Wilson IA. Structure-
based design of kinetic stabilizers that ameliorate the tran-
sthyretin amyloidoses. Curr Opin Struct Biol 2010; 20: 54–62.

54.	Razavi H, Palaninathan SK, Powers ET, Wiseman RL, Purkey HE, 
Mohamedmohaideen NN, Deechongkit S, Chiang KP, Dendle MT, 
Sacchettini JC, Kelly JW. Benzoxazoles as transthyretin amyloid 
fibril inhibitors: synthesis, evaluation, and mechanism of 
action. Angew Chem Int Ed 2003; 42: 2758–61.

55.	 Green NS, Palaninathan SK, Sacchettini JC, Kelly JW. Synthesis 
and characterization of potent bivalent amyloidosis inhibitors 
that bind prior to transthyretin tetramerization. J Am Chem Soc 
2003; 125: 13404–14.

56.	Kolstoe SE, Mangione PP, Bellotti V, Taylor GW, Tennent GA, 
Deroo S, Morrison AJ, Cobb AJ, Coyne A, McCammon MG, 
Warner TD, Mitchell J, Gill R, Smith MD, Ley SV, Robinson CV, 
Wood SP, Pepys MB. Trapping of palindromic ligands within 
native transthyretin prevents amyloid formation. Proc Natl Acad 
Sci USA 2010; 107: 20483–8.

57.	 Wiseman RL, Johnson SM, Kelker MS, Foss T, Wilson IA, Kelly JW. 
Kinetic stabilization of an oligomeric protein by a single ligand 
binding event. J Am Chem Soc 2005; 127: 5540–51.

58.	Hyung SJ, Deroo S, Robinson CV. Retinol and retinol-binding 
protein stabilize transthyretin via formation of retinol transport 
complex. ACS Chem Biol 2010; 5: 1137–46.

59.	 Zanotti G, Dacunto MR, Malpeli G, Folli C, Berni R. Crystal-
structure of the transthyretin retinoic-acid complex. Eur J 
Biochem 1995; 234: 563–9.

60.	Chen L, Collins XH, Tabatabai LB, White WS. Use of a 13C tracer 
to investigate lutein as a ligand for plasma transthyretin in 
humans. Lipids 2005; 40: 1013–22.

61.	 Ehrnhoefer DE, Bieschke J, Boeddrich A, Herbst M, Masino L, 
Lurz R, Engemann S, Pastore A, Wanker EE. EGCG redirects 
amyloidogenic polypeptides into unstructured, off-pathway 
oligomers. Nat Struct Mol Biol 2008; 15: 558–66.

62.	Yang F, Lim GP, Begum AN, Ubeda OJ, Simmons MR, 
Ambegaokar SS, Chen PP, Kayed R, Glabe CG, Frautschy SA, 
Cole GM. Curcumin inhibits formation of amyloid β oligomers 
and fibrils, binds plaques, and reduces amyloid in vivo. J Biol 
Chem 2005; 280: 5892–901.

63.	Miyata M, Sato T, Kugimiya M, Sho M, Nakamura T, Ikemizu S, 
Chirifu M, Mizuguchi M, Nabeshima Y, Suwa Y, Morioka H, 
Arimori T, Suico MA, Shuto T, Sako Y, Momohara M, Koga T, 
Morino-Koga S, Yamagata Y, Kai H. The crystal structure of the 
green tea polyphenol (-)-epigallocatechin gallate-transthyretin 
complex reveals a novel binding site distinct from the thyroxine 
binding site. Biochemistry 2010; 49: 6104–14.

64.	Ferreira N, Saraiva MJ, Almeida MR. Natural polyphenols inhibit 
different steps of the process of transthyretin (TTR) amyloid 
fibril formation. FEBS Lett 2011; 585: 2424–30.

65.	 Ferreira N, Saraiva MJ, Almeida MR. Epigallocatechin-3-gallate as 
a potential therapeutic drug for TTR-related amyloidosis: “in vivo” 
evidence from FAP mice models. PLoS One 2012; 7: e29933.

66.	Ferreira N, Santos SA, Domingues MR, Saraiva MJ, Almeida MR. 
Dietary curcumin counteracts extracellular transthyretin deposi-
tion: insights on the mechanism of amyloid inhibition. Biochim 
Biophys Acta 2013; 1832: 39–45.

67.	 Kristen AV, Lehrke S, Buss S, Mereles D, Steen H, Ehlermann P, 
Hardt S, Giannitsis E, Schreiner R, Haberkorn U, Schnabel PA, 
Linke RP, Rocken C, Wanker EE, Dengler TJ, Altland K, Katus HA. 
Green tea halts progression of cardiac transthyretin amyloido-
sis: an observational report. Clin Res Cardiol 2012; 101: 805–13.

68.	Sinha S, Lopes DH, Du Z, Pang ES, Shanmugam A, Lomakin A, 
Talbiersky P, Tennstaedt A, McDaniel K, Bakshi R, Kuo PY, 
Ehrmann M, Benedek GB, Loo JA, Klarner FG, Schrader T, 
Wang C, Bitan G. Lysine-specific molecular tweezers are 
broad-spectrum inhibitors of assembly and toxicity of amyloid 
proteins. J Am Chem Soc 2011; 133: 16958–69.

69.	 Attar A, Bitan G. Disrupting self-assembly and toxicity of amyloido-
genic protein oligomers by “molecular tweezers” – from the test 
tube to animal models. Curr Pharm Des 2014; 20: 2469–83.

70.	Ferreira N, Pereira-Henriques A, Attar A, Klarner FG, Schrader T, 
Bitan G, Gales L, Saraiva MJ, Almeida MR. Molecular tweezers 
targeting transthyretin amyloidosis. Neurotherapeutics 2014; 
11: 450–61.

71.	 Landreh M, Alvelius G, Willander H, Stukenborg JB, Söder O, 
Johansson J, Jörnvall H. Insulin solubility transitions by pH-
dependent interactions with proinsulin C-peptide. FEBS J 2012; 
279: 4589–97.


