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Summary  
	
Transthyretin (TTR) is an extracellular protein able to deposit into well-defined 

protein aggregates called amyloid, in pathological conditions known as senile 

systemic amyloidosis, familial amyloid polyneuropathy, familial amyloid 

cardiomyopathy and leptomeningeal amyloidosis. At least three distinct partially 

folded states have been described for TTR, including the widely studied 

amyloidogenic state at mildly acidic pH. In this study, I have used fluorescence 

resonance energy transfer (FRET) experiments in a monomeric variant of TTR (M-

TTR) and in its W41F and W79F mutants, taking advantage of the presence of a 

unique, solvent-exposed, cysteine residue at position 10, that I have labelled with a 

coumarin derivative (DACM, acceptor), and of the two natural tryptophan residues 

at positions 41 and 79 (donors). Trp41 is located in an ideal position as it is one of 

the residues of b-strand C, whose degree of unfolding is debated. I found that the 

amyloidogenic state at low pH has the same FRET efficiency as the folded state at 

neutral pH in both M-TTR and W79F-M-TTR, indicating an unmodified Cys10-

Trp41 distance. The partially folded state populated at low denaturant concentrations 

also has a similar FRET efficiency, but other spectroscopic probes indicate that it is 

distinct from the amyloidogenic state at acidic pH. By contrast, the off-pathway state 

accumulating transiently during refolding has a higher FRET efficiency, indicating 

nonnative interactions that reduce the Cys10-Trp41 spatial distance, revealing a third 

distinct conformational state. Overall, these results clarify a negligible degree of 

unfolding of b-strand C in the formation of the amyloidogenic state and establish the 

concept that TTR is a highly plastic protein able to populate at least three distinct 

conformational states.  

TTR is also a protein able to inhibit amyloid sibril formation of Ab, the peptide 

associate with alzheimer diseases, and to suppres the toxcicity of performed 

oligomers of Aβ. Pervious analyses of the in vitro interaction between human TTR 

and Aβ, have shown that TTR binds to all forms of Aβ: monomers, oligomers and 

fibrils. The binding occurs with higher affinity for Ab oligomers, aggregates and 

fibrils with respect to Ab monomers. Previous data do not offer any insight into the 

mechanism by which TTR inhibits Ab amyloid fibril formation, oligomer toxicity 

and on the TTR form responsible for such an effect. In this thesis, the interaction 

between different variants of TTR (WT-TTR, M-TTR and W79F M-TTR) and the 

Ab peptide in both the process of aggregation, as well as on pre-formed toxic 
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oligomers called amyloid-derived diffusible ligands (ADDLs), was studied by FRET 

technique. The time course of amyloid fibril formation was studied under conditions 

close to physiological and starting from a monomeric state of the Ab40 peptide, in the 

presence of WT-TTR, M-TTR and W97F M-TTR at different concentrations. This 

study showed inhibition of aggregation of Aβ40 by transthyretin molecules. I also 

studied the conformational change of all three TTR variants following the interaction 

with Aβ40 during aggregation at a molar ratio of 1:3 (TTR:Aβ40). In particular, the 

FRET E of TTRs during aggregation of Aβ40 was monitored and the results showed 

a change in FRET E of all TTR molecules as Aβ40 aggregation proceeds, indicating 

a conformational conversion upon Aβ40/TTR interaction. The far-UV CD spectra of 

WT-TTR, M-TTR and W79F M-TTR in the absence and presence of Aβ40 

undergoing aggregation were compared, showing that there are no changes in the 

secondary structure of TTRs after binding to Aβ40 while it converts from monomers 

to oligomers. The fluorescence spectra recorded for both M-TTR and DACM-M-

TTR in the presence of Ab42 ADDLs decreased in intensity with time, indicating a 

progressive interaction with the ADDLs. The FRET E value of M-TTR measured 

during incubation with Ab42 ADDLs was found to decrease progressively, indicating 

that a conformational change occurs for M-TTR following the interaction with Ab42 

ADDLs. This analysis was repeated for the W79F mutant of M-TTR leading to very 

similar results. This confirms that a conformational change occurs also for W79F M-

TTR following the interaction with Ab42 ADDLs and indicates an increased spatial 

distance between the DACM moiety attached to Cys10 and the two tryptophan 

residues, particularly Trp41. 
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1.1. Transthyretin 

 

1.1.1. Discovery 

Human transthyretin (TTR) is a protein firstly observed in the cerebrospinal fluid 

(CSF) (Kabat and Levine 1942) and then in the serum (Florence et al. 1942). TTR is 

a 55 kDa homotetrameric protein first identified using the Tiselius moving boundary 

electrophoresis method  (Kabat et al. 1942) and later by immuno-electrophoretic 

analysis of concentrated CSF (Gavrilesco et al. 1955). It was initially named 

“prealbumin” -because of its greater electrophoretic mobility than that of albumin- it 

was later renamed “thyroxine-binding prealbumin” to reflect its new found role as a 

transporter of the thyroid hormone L-thyroxine (Ingbar 1963; Oppenheimer 1968; 

Robbins and Rall 1960).  

However, about a decade later this name change. It was suggested by Goodman 

and colleagues that “thyroxine-binding prealbumin” was relatively unimportant as a 

carrier of L-thyroxine in the blood (Kanai et al. 1968; Raz and Goodman 1969; Raz 

et al. 1970). The main physiological function of the protein, they proposed, was 

connected with the transport of retinol (vitamin A). Goodman, who was primarily 

interested in retinol-binding protein (RBP), to which prealbumin complexes in vivo, 

and vitamin A metabolism, attempted to change the name prealbumin to transretin. 

In 1969, Goodman and colleagues were the first to show that “thyroxine-binding 

prealbumin” strongly interacts with RBP, the serum protein responsible for the 

transport of vitamin A.  

Another researcher, Jacob Robbins, who made important contributions to the 

knowledge base concerning this protein, felt that the thyroxine-binding and transport 

properties of prealbumin needed to be emphasized in the name (Ferguson et al. 1975). 

With several compelling pieces of evidence highlighting this additional function of 

“thyroxine-binding prealbumin”, the name TTR was put forth by the Nomenclature 

Committee of the International Union of Biochemistry (1981) to reflect the 

molecule’s dual function as a transporter of thyroxine and RBP (Goodman 1985).   

 

1.1.2. Gene Structure 

The human TTR cDNA sequence was reported in 1984 by two groups, those of Shuji 

Mita (Mita et al. 1984) and Yoshiyuki Sakaki (Sakaki et al. 1984) and in 1985 by 
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Wallace and coworkers (Wallace et al. 1985). The complete structure of the TTR 

gene was reported in 1985 by Tsuzuki and coworkers (Tsuzuki et al. 1985) and 

Sakaki’s group (Sasaki et al. 1985). Using cloned human TTR cDNA as a probe, 

Southern blot hybridization of human genomic DNA revealed that the TTR gene 

consists of a unique single-copy DNA, localized in the long arm of chromosome 18 

(Chr 18) (Tsuzuki et al. 1985) in the q11.2-q12.1 region (Sparkes et al. 1987) (Figure 

1.1). The nucleotide sequence of the entire human TTR gene, including 581 base 

pairs of the 5´- and 95 base pairs of the 3´-flanking sequences was determined 

(Tsuzuki et al. 1985). The gene has four exons of 95, 131, 136 and 253 base pairs 

(bp) and three introns of 934, 2090 and 3308 bp (Figure 1.1) (Sasaki et al. 1985) and 

spans 7.6 kb.  

 

 
Figure	1.1.	The	human	transthyretin	(TTR)	gene	localization	and	structure:	(A)	Locus	of	TTR	on	chromosome	
18.	(B)	Structure	of	TTR	gene.	Black	boxes	represent	the	exons	1,	2,	3	and	4	and	the	grey	boxes	represent	the	
introns	1,	2	and	3. 

 

The first exon codes for a 5'- region containing an 18 amino acids of signal 

peptide and the first three amino acid residues of the mature protein, exons 2, 3 and 

4 encode the 4-47, 48-92 and 93-127 aa residues of the mature TTR, respectively 

(Sakaki and Sasaki 1985; Tsuzuki et al. 1985).  

As in most eukaryotic genes, the consensus TATA and CAAT sequences are 

found: a TATA box sequence at position -30 to -24 bp, a CAAT box sequence from 

-101 to -96 bp, a GC-rich region (of approximately 20 bp), Alu sequences and several 

hormone responsive consensus sequences. For instance, in its proximal promoter, two 

overlapping sequences homologous to glucocorticoid responsive elements (GREs) 

were present at positions -224 and -212 bp. In the 3’-untranslated region, downstream 

the coding sequence, a polyadenylation signal (AATAAA) was identified at 123 bp 
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(Sakaki et al. 1984; Tsuzuki et al. 1985; Wakasugi et al. 1985). Unexpectedly, two 

independent open reading frames (ORFs), provided with respective regulatory 

sequences in their 5'- and 3'- flanking regions, were found within the gene, one in the 

first intron and the other in the third intron (Soares et al. 2003). It is not known 

whether these open reading frames are expressed in vivo. Tsuzuki et al. identified 

300 (Tsuzuki et al. 1985) bp sequences, which were strikingly homologous to the 

human Alu-type repeat elements, and were shown by Sakaki and colleagues (Sasaki 

et al. 1985) to have opposite polarity. The single-copy TTR gene has been assigned 

to the long arm (q) of chromosome 18 (Wallace et al. 1986). The laboratories of both 

Simon and Niikawa further assigned the gene to the region 18q11.2–q12.1 (Jinno et 

al. 1986; Sparkes et al. 1987) Figure 1.1. 

Phylogenetically, TTR gene is highly conserved. Both mouse and rat TTR genes 

are composed by 4 exons and 3 introns, as in human, and, the DNA sequence of the 

coding region of the mouse TTR gene exhibits 90 and 82% homology with the rat 

and the human genes, respectively. Moreover, the highest homology between mouse, 

rat and human TTR was observed in the promoter region, around -190 bp to the cap 

site (Costa et al. 1986a; Fung et al. 1988). 

 

1.1.3. Expression and Regulation 

Although plasma TTR is synthesized in the liver (Borek et al. 1981; Felding and Fex 

1982), several extrahepatic sites of TTR synthesis have been described. The choroid 

plexus (CP) of the cerebral ventricles synthesizes (Dickson et al. 1985; Herbert et al. 

1986; Soprano et al. 1985) and secretes (Dickson et al. 1986) large quantities of TTR 

into the cerebrospinal fluid. In the fetus, the visceral yolk sac endoderm synthesizes 

and secretes both TTR and RBP from the early gastrula stage (Soprano et al. 1986; 

Soprano et al. 1988). In addition, TTR mRNA has been detected in the pancreas 

(Jacobsson et al. 1989) and stomach (Soprano et al. 1985) at considerably lower 

levels. The physiologic role of TTR in most extrahepatic locations is unknown; in the 

central nervous system, however, TTR is responsible for thyroxine delivery to the 

brain (Dickson et al. 1987; Schreiber et al. 1990).  

The liver performs essential functions in the body by uniquely expressing 

hepatocyte-specific genes encoding plasma proteins, enzymes involved in 

gluconeogenesis, glycogen storage, glucose metabolism, cholesterol homeostasis, 

and synthesis of bile salts (Jungermann and Katz 1989). Functional analysis of 

numerous hepatocyte-specific promoter and enhancer regions reveals that they are 
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composed of multiple cis-acting DNA sequences that bind different families of 

hepatocyte nuclear factors (HNFs). Previous studies carried out on mice showed that 

TTR gene is controlled by two major regulatory regions located in the 5’ flanking 

region: a promoter proximal sequence at -50 to -150 bp and a distal enhancer 

sequence at -1.86 to -1.96 kb. These regulatory sequences are conserved in humans. 

In both regions, several putative regulatory sites were identified: DNA binding sites 

for liver-specific nuclear factors, as the hepatocyte nuclear factors 1, 3 and 4 (HNF-

1, HNF-3 AND HNF-4) and CCAAT/enhancer binding proteins (C/EBP) families 

(Costa et al. 1986b; Costa et al. 1990). In human TTR gene, these regulatory regions 

were proved to be sufficient to regulate its hepatic expression (Costa et al. 1986b; 

Yan et al. 1990). Concerning TTR expression in choroid plexus (CP) less is known, 

and the few studies performed suggest that TTR is differentially regulated between 

liver and CP, thus involving different transcription factors (Nagata et al. 1995; Yan 

et al. 1990). In fact, while a shorter sequence (˂1 kb) upstream the mRNA cap site is 

sufficient to drive TTR expression in the liver, in CP, the presence of a further 

upstream sequence (˃3 kb) is required (Nagata et al. 1995; Yan et al. 1990). Studies 

performed in transgenic mice showed that the 600 bp sequence upstream of the TTR 

gene is enough for the TTR expression in liver and yolk sac (Yan et al. 1990) whereas 

sequences of approximately 6 kb upstream the coding sequence are necessary for the 

total tissue specific synthesis and quantitatively normal expression (Nagata et al. 

1995). 

Transcription of the TTR gene results in an approximately 700 bp mRNA 

containing a 5’ untranslated region of 26-27 nucleotides, a coding region of 441 

nucleotides, a 3’ untranslated region of 145-148 nucleotides and a poly(A) tail (Mita 

et al. 1984; Soprano et al. 1985). TTR is synthesized as a precursor with a larger 

molecular weight, the pre-TTR, which includes a signal peptide at the N-terminal 

region that is cleaved upon TTR translocation to the endoplasmic reticulum (Soprano 

et al. 1985).  

TTR is mainly synthesized by hepatocytes in the liver (Dickson et al. 1985) and 

secreted to the peripheral circulation, where its concentration ranges from 20 to 40 

mg/dL (Vatassery et al. 1991). TTR plasma concentrations varies with age: newborns 

have about a half of that in healthy adults (Vahlquist et al. 1975) and declines after 

age 50 (Ingenbleek and De Visscher 1979). TTR is also synthesized by choroid 

plexus epithelial cells (CPECs) in the CNS (Soprano et al. 1985) and secreted 

unidirectionally into the CSF (Aleshire et al. 1983; Herbert et al. 1986), where its 
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concentration ranges from 2 to 4 mg/dL, and represents approximately 20 to 25 % of 

the total protein content in the CSF (Weisner and Roethig 1983). It was previously 

reported that 1 g of CP contained about 25 times larger amounts of TTR mRNA than 

1 g of liver (Dickson et al. 1985), showing the very active synthesis of TTR in this 

tissue. 

Liver and CP are responsible for up to 90 % of the total TTR amount. 

Nevertheless, despite some controversy, various authors also described small 

amounts of TTR in the pancreas islets of Langerhans, heart, muscles, stomach, spleen 

(Soprano et al. 1985), human placenta, human scalp skin and hair follicles (Adly 

2010), retinal pigment epithelium in the eye (Cavallaro et al. 1990) and meninges, in 

various animal models. Studies showed that in the course of human embryonic 

development, TTR is firstly detectable in the fetal blood since the 8th week of 

gestation (Jacobsson 1989) in the tela choroidea, the precursor of CP and, later, in the 

liver (Harms et al. 1991) and pancreas (Jacobsson 1989). Furthermore, others 

observed TTR mRNA in endodermal cells of the visceral yolk sac, tela choroidea and 

hepatocytes since the 10th day of gestation (Murakami et al. 1987). 

In evolutionary terms, TTR synthesis occurs in fish (Santos and Power 1999), 

reptiles, birds and mammalian ancestors (Richardson et al. 1994). In the first, TTR is 

mainly produced in liver, while in reptiles it is mostly synthesized by CP (Achen et 

al. 1993) and, in birds and mammals, it occurs in both tissues (Harms et al. 1991), 

suggesting that TTR has a common fish ancestor (Santos and Power 1999) or its 

expression occurred first in CP and later in liver (Schreiber et al. 1990). TTR has 

been implicated in acute stressful conditions and is involved in stages of stress 

response (Ingenbleek and De Visscher 1979). It is well demonstrated that regulation 

of TTR expression in liver is different from CP. Studies showed that in liver, TTR 

levels are decreased, to a minimum of 25%, during chronic inflammation or 

malnutrition conditions due to the release of cytokines, which bind to hepatocyte 

receptors that express transcriptional factors potentially involved in the inhibition of 

TTR transcription (Dickson et al. 1985). Regarding the regulation of TTR expression 

in CP, less is known and further studies are required. In fact, previous studies showed 

that: during an acute phase response, rat CP TTR levels are not changed, nicotine 

increased mRNA TTR levels time- and dose-dependently in rat CP, TTR expression 

and secretion is increased after administration of leaf extracts of Gingko biloba 

(Watanabe et al. 2001), various sex steroid hormones (SSHs) as 17β-estradiol (E2), 

5α-dihydrotestosterone (DHT) and progesterone (P) are up-regulated TTR expression 
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in murine CP (Quintela et al. 2008; Quintela et al. 2009; Quintela et al. 2011). Aged 

rats exhibited increased TTR mRNA levels in CP, after a short-term consumption of 

omega-3-rich fish oil (Puskas et al. 2003). TTR expression is decreased in neonatal 

CNS of rats subjected to a maternal separation induced stress (Kohda et al. 2006). 

 

1.1.4. Protein Structure 

X-ray crystallography and diffraction studies determined the three dimensional 

structure of TTR and revealed a 55 kDa tetramer, composed of four identical subunits 

assembled around a central channel (Blake et al. 1971). Much of the information on 

the structure of TTR was obtained from crystallographic studies performed by Haupt 

and Heide (Haupt and Heide 1966), who were first to crystallize the human form of 

the protein. A schematic drawing of the dimer of TTR is shown in Figure 1.2A while 

a drawing of the whole tetrameric molecule is presented in Figure 1.2B using PDB 

entries of 1F41, ribbon tracing of the dimer of TTR (Figure 1.2A) was produced by 

Pymol package from the same coordinates as in Figure 1.2B (taken from Blake, 

1971). Each monomer contains 127 amino acids brought together in a β-sandwich 

structure organized in two extensive β-sheets, each composed of 4 β-strands, namely 

DAGH and CBEF (Figure 1.2A). The strands are 7-8 residues long, except the strand 

D that has only 3 residues. With the exceptions for strands A and G, strands interact 

in an anti-parallel fashion arranged in a topology analogous to the classical Greek key 

barrel. Each monomer exhibits a single α-helix segment of 9 residues located at the 

end of β-strand E (75-83 residues), which connects to the F strand (Blake et al. 1971). 

The strands DAGH mold the channel surface and the strands CBEF define the 

external surface of the monomer in the tetrameric structure. The monomer-monomer 

interactions consist of antiparallel hydrogen bonding between strands F and H of one 

monomer and F’ and H’ of another monomer, resulting in a dimer (Figure 1.2). The 

interactions that bring dimers together to form the tetramer, however, primarily 

involve hydrophobic interactions at interfaces involving all four monomers (Figure 

1.2). These loops interactions are involved in stabilizing the AB to CD quaternary 

interface and in defining the outer boundary of the hormone-binding sites (HBS) 

(Blake et al. 1971; Foss et al. 2005). The four monomers that constitute the TTR 

tetramer form a cylindrical open, large, central and hydrophobic channel - the HBS – 

where the binding sites for T4, and other hormones and small molecules, are located 

(Blake et al. 1974; Blake et al. 1971). This channel is about 8 Å in diameter and 50 

Å long is formed. This central channel contains two identical binding sites for the L-
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thyroxine hormone, while the outer surface of the molecule houses four binding sites 

for the vitamin A specific carrier, retinol- binding protein (Blake et al. 1974; Blake 

et al. 1971; Monaco et al. 1995). The quaternary structure of TTR has a globular 

protein shape whose overall size is 70 Å x 55 Å x 50 Å (Blake et al. 1974; Blake et 

al. 1971).  

 

1.1.5. Physiological Functions 

TTR plays many functions. As a serum and CSF protein, TTR functions primarily as 

a transport protein. Synthesized mainly by the liver, serum TTR is known to transport 

about 20% of the hormone L-thyroxine in the bloodstream (Blake et al. 1974; Hagen 

and Elliott 1973). Thyroxine-binding globulin, the major L-thyroxine carrier in the 

blood, accounts for 70% of L-thyroxine’s transport while serum albumin accounts 

for the remaining 10%. However, TTR is thought to be the main transporter of L-

thyroxine in the CSF (Schreiber et al. 1990). In the central nervous system, TTR is 

synthesized de novo by the choroid plexus, a secretory structure located in the 

ventricles of the brain (Herbert et al. 1986). There, it acts as the primary transport 

protein for L-thyroxine, transporting up to 80% of the hormone in CSF (Hagen and 

Elliott 1973).  

 

 

 

Figure	1.2.	 (A)	A	schematic	drawing	of	the	dimer	moiety	of	TTR.	Each	monomer	 is	comprised	of	two	four-
stranded	β-sheets	denoted	CBEF	and	DAGH	(the	dimer	interface	lies	between	β-strands	HH’	and	FF’;	the	prime	
symbol	refers	to	a	strand	from	another	monomer	within	the	dimer).	The	arrows	represent	β-strands,	which	
are	labelled	according	to	their	order	in	the	primary	amino	acid	sequence	of	the	protein	(Taken	from	Blake,	
1971).	(B)	Representation	of	wild-type	(wt)	ribbon	TTR	structure.		

B	A	
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TTR also aids in the transport of vitamin A through its interaction with RBP, 

forming the TTR-RBP-retinol complex (Kanai et al. 1968; Peterson et al. 1998). The 

association of TTR with	RBP has been shown to be essential to the delivery of 

vitamin A to target cells (Bellovino et al. 1996). With a molecular weight of 21,000, 

RBP would be rapidly eliminated from the plasma by glomerular filtration in the 

kidneys if it were not in complex with TTR. Hence, the transport and distribution of 

L-thyroxine and retinol, via interaction with RBP, in CSF and plasma, respectively, 

are the first main functions attributed to TTR (Hagen and Elliott 1973; Monaco et al. 

1995; Raz and Goodman 1969; Schreiber et al. 1990). 

Presently, it is well known that TTR actions largely exceed those initially 

proposed and increasing evidences link TTR to a number of neuropathological 

conditions as AD, nerve biology and repair and proteolytic activity (Saraiva et al. 

1988). In fact, several in vitro and in vivo studies showed that TTR is also implicated 

in regulation of neuropeptide Y (NPY) processing by its cleavage (Liz et al. 2009), 

depression and exploratory activity by modulation of the noradrenergic system, 

enhancement of nerve regeneration (Liz et al. 2009) through megalin-mediated 

internalization (Fleming et al. 2007), maintenance of normal cognitive processes 

during aging by acting on retinoid signaling pathway (Brouillette and Quirion 2008), 

and Aβ fibrils sequestration through the formation of stable complexes with Aβ 

peptide, preventing its deposition (Costa et al. 2008; Li et al. 2011; Schwarzman et 

al. 1994; Stein and Johnson 2002). TTR also cleaves Aβ aggregates or bind to them 

protecting against their toxicity (Cascella et al. 2013; Costa et al. 2008).  

Although TTR is primarily known as a transport protein for L-thyroxine and 

retinol-binding protein, recent in vitro studies have shown that small molecules of a 

diverse variety of scaffolds-stilbenes, benzodiazepines, and phenoazines—are able to 

bind TTR in the L-thyroxine binding pocket (Adamski-Werner et al. 2004; Buxbaum 

and Reixach 2009; Johnson et al. 2009). The promiscuous binding of TTR to such 

aromatic compounds has led to the hypothesis that circulating TTR in the plasma 

(0.2-0.3 mg/mL) may play a role in the removal of potentially toxic substances or by-

products of metabolism (Buxbaum and Reixach 2009). This hypothesis, however, is 

yet to be confirmed.  

 

1.1.5.1. Transport of Thyroxine 
Thyroid hormones including T4 and T3 (THs), are lipophilic hormones synthesized 

by the thyroid gland and secreted into the bloodstream. They play several main 
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functions. THs are essential in the normal growth, development and function of the 

central nervous system (CNS) (Thompson et al. 1996), participating in the 

maintenance of the brain homeostasis (Hulbert 2000). In mammals, most of the THs 

produced is T4, but T3, which is derived from the deiodination of T4 in the thyroid 

gland or in the periphery, constitutes the biologically active form (Yamauchi et al. 

1999). In humans, the THs are secreted into the peripheral circulation but only a 

residual percentage of the hormone circulate in a free form (Bartalena 1990). In fact, 

in humans, more than 99% of THs circulate bound to one of the three major plasma 

TH carrier proteins: thyroxine-binding globulin (TBG), TTR and albumin and, in 

rodents, bound to TTR and albumin. In rodents and humans, from the three THs 

distributor proteins mentioned, only TTR is also produced in the brain turning it into 

the major T4 carrier in the CSF, transporting about 80% of its total amount 

(McCammon et al. 2002). In mammals, TTR also binds T3 but with lower affinity 

than T4. Human TTR has an intermediate affinity for T4 and T3 (7 x 107 M-1 and 

1.4 x 107 M-1, respectively), while TBG has the highest and albumin the lowest 

affinity for these hormones (Loun and Hage 1992). 

		

 
	

	

Figure	1.3.	Structure	of	TTR	(Protein	Data	Bank	code:	2ROX).	(A)	Ribbon	diagram	depiction	of	TTR	with	the	
crystallographic	 2-fold	 axis	 (z-axis)	 bisecting	 the	 T4	 binding	 channel	 comprising	 the	weaker	 of	 TTR's	 two	
dimer–dimer	 interfaces.	 (B)	 Close-up	 view	 of	 one	 thyroid	 hormone	 binding	 site	 with	 T4	 (ball-andstick	
representation)	bound,	showing	 the	 iodide	substituents	occupying	symmetry-related	HBPs.	Primed	amino	
acids	refer	to	those	comprising	symmetry-related	subunits.	Hydrogen	bonds	are	shown	as	lightblue	broken	
lines.	This	figure	was	adapted	from	Connelly	et	al.	(C)	Binding	sites	of	the	halide	atoms.	The	free	halides	are	
depicted	in	pink	and	included	are	also	the	positions	of	thyroxine	in	ball-and-stick	(iodines	from	thyroxine	are	
in	cyan).	

(C)	
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TTR has two binding sites for T4 located in the central hydrophobic channel in 

the TTR tetrameric structure (Blake et al. 1974). Although these two potential binding 

sites to T4, each located between two of the 4 monomers, under physiological 

conditions only one binding site is occupied by T4, due to negative cooperativity 

(Blake et al. 1974). It has, however, been shown in vitro that with an excess of 

thyroxine (4:1, T4: TTR), TTR with two bound thyroxine molecules was the major 

complex and with an increased excess (5:1) only the fully saturated complex was 

observed (McCammon et al. 2002). The T4 binding channel has three main regions: 

a hydrophobic region formed by the hydroxyl group of Ser112, Ser115, Ser117 and 

Thr119 residues at the tetramer center, a hydrophobic portion formed by the methyl 

groups of Leu17, Thr106, Ala108 and Val121 and a charged residues group of Lys15, 

Glu54 and His56 near the binding channel entrance that form hydrogen bond contacts, 

which hold T4 in the binding channel (Figure 1.3) (Klabunde et al. 2000; Wojtczak 

et al. 1996).  

Due to T4-TTR binding, the last has emerged as a potential mediator of the T4 

transport from the blood to tissues, especially into the brain (Dickson et al. 1987), 

through the Blood-cerebrospinal fluid barrier (BCSFB), where TTR is the major THs 

binding protein found (Hagen and Elliott 1973). However, the role of TTR in the 

delivery of THs to target tissues has been controversial (Palha et al. 2002) and, 

currently, the more accepted hypothesis is the free hormone hypothesis, which 

postulates that the free hormone concentration in blood is crucial for its biological 

activity, rather than the protein-bounded hormone concentration (Mendel et al. 1989). 

Free THs can enter cells via TH transporters located in plasma membrane or by 

passive diffusion and, the identified membrane bound TH transporters may assist 

their uptake in specific tissues (Sousa et al. 2005). A subsequent study corroborated 

this hypothesis: in TTR-null mice it was showed that TTR is not crucial for THs entry 

into the brain or other tissues (Palha et al. 1997), suggesting the presence of an 

alternative mechanism for T4 metabolism in the absence of TTR and a consequent 

redundant role of TTR in TH homeostasis, only acting as a storage molecule for THs 

in plasma and CSF (Palha 2002; Sousa et al. 2005). 

 

1.1.5.2. Transport of the Complex Retinol – RBP 
The TTR tetramer transports retinol in the bloodstream, through the formation of a 

TTR-RBP-retinol complex (Soprano et al. 1986). The RBP is a 21 kDa (183 amino 

acids) molecule. The retinol molecule is bound to the highly hydrophobic core of 
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RBP (Kanai et al. 1968). It is synthesized and secreted primarily by hepatocytes and 

constitutes the exclusive retinol transporter in blood (Soprano et al. 1986). The RBP 

secretion is stimulated upon its association with retinol, which alters the conformation 

of the protein. X-ray crystallography showed the conformational three dimensional 

structure of TTR-RBP-retinol complex and, although TTR has theoretically four 

binding sites for RBP, under physiological conditions, only one molecule binds to 

TTR tetramer, Figure 1.4 as shown in (Kopelman et al. 1976). However, in vitro, 

TTR is able to bind to two RBP molecules, each establishing molecular interactions 

with one of the dimers, blocking the another binding site presented in the other 

monomer (Figure 1.4) (Monaco et al. 1995). Interactions between RBP and TTR are 

mediated by residues at the entrance of the ligand binding pocket and span across the 

two TTR dimers. Both RBP- and T4- binding sites are independent from each other 

(Monaco et al. 1995). 

 

 
Figure	1.4:	Ribbon	 representation	of	 the	quaternary	 structure	of	 the	 in	vitro	 complex	TTR-Retinol-binding	
protein	 (RBP)	 -	 retinol	 complex.	 TTR	 tetramer	 is	 represented	 in	 red	 and	 blue.	 The	 retinol	 (vitamin	 A)	 is	
represented	in	light	blue	and	the	RBP	molecules	are	in	green.	The	center	of	the	TTR	channel,	the	HBS,	which	
bind	T4	and	other	small	molecules,	is	represented	empty	in	the	figure	(center).	Adapted	from	Monaco	et	al.	
1995.	

 

RBP circulates in the bloodstream bound to TTR only when it is complexed with 

retinol, as a 1:1 molar protein complex (Goodman 1985), which facilitates its release 

and protects its glomerular filtration and catabolism (Raz et al. 1970). In turn, RBP 

constitutes the main mechanism by which cells acquire retinol because RBP protects 

retinol from oxidation and prevents the retinol plasma insolubility (Soprano et al. 
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1988). TTR also binds to retinoic acid but with less affinity than retinol (Smith et al. 

1994). Retinol is an essential micronutrient in several functions, namely vision, 

development, reproduction and cellular differentiation (Raz et al. 1970). After retinol 

is delivered to tissues, the affinity of (Raz and Goodman 1969) RBP to TTR becomes 

reduced and, once in cells, retinol can be stored or metabolized . In plasma, both RBP 

and retinol prevent TTR misfolding, through stabilization of its tetrameric structure 

and the formation of the TTR-RBP-retinol complex may also function as a reservoir 

of RBP-retinol. Actually, TTR-null mice show a significant increase in the renal 

filtration of the retinol-RBP complex and a consequent decrease in plasma RBP and 

retinol levels (Episkopou et al. 1993). However, the total retinol levels in the tissues 

of these animals remains similar to those observed in wild-type (wt) animals, 

suggesting alternative mechanisms to compensate the loss of retinol delivery to 

tissues mediated by RBP (Raz and Goodman 1969). 

The retinol uptake by cells is controversial and various mechanisms have been 

proposed: retinol can enter the cells by simple diffusion (Fex and Johannesson 1988); 

also, there could exist unidentified specific membrane receptors that interact with the 

complex resulting in its endocytosis (Gjoen et al. 1987); and, a third mechanism, also 

involving a receptor, but adding a role for cellular RBP as an acceptor of retinol inside 

cells, suggesting that apo-RBP remains outside the cell (Sivaprasadarao and Findlay 

1994). The second and the third proposed mechanisms are the most accepted ones 

and, the controversy is whether RBP is internalized via, or not, during the retinol 

transfer by endocytosis. Until now, the role of TTR in this process is not yet clarified.  

TTR is highly homologous to previously isolated TTRs despite the fact that its 

amino acid sequence shares only 40–55% identity with the sequence of TTR from 

other vertebrates (Raz and Goodman 1969). It must be emphasized, however, that the 

amino acids involved in the formation of the central channel in which T3 and T4 bind, 

are 90% homologous to human TTR and that the amino acids involved in the binding 

to RBP4 in higher vertebrates are also highly conserved (Figure 1.5A) (Raz and 

Goodman 1969). The three-dimensional structure was generated based on the known 

X-ray structures from human, rat, and chicken TTRs and on the sea bream TTR amino 

acid sequence (Power et al. 2000). According to this model, the overall topology of 

sea bream TTR has been conserved and the predicted monomer-monomer and dimer-

dimer interfaces and tetrameric structures are similar to those determined by X-ray 

crystallography of human, rat, and chicken TTRs. 



	 16 

 
Figure	1.5.	Sequence	alignment	of	(A)	TTR	and	(B)	RBP	from	different	vertebrates.	The	residues	identical	in	all	
the	 sequences	 presented	 are	 shaded	 in	 red.	 The	 residues	 identical	 or	 chemically	 similar	 in	 at	 least	 six	
sequences	are	denoted	by	red	characters.	The	amino	acid	residues	 in	the	human	RBP	and	TTR	involved	in	
forming	 the	 RBP-TTR	 complex	 interactions	 are	 indicated	 by	 arrowheads.	 Sequence	 alignments	 were	
constructed	with	CLUSTAL	W	(Thompson	et	al.	1996)	and	annotated	with	Espript	(Gouet	et	al.	1999).	

 

1.1.5.3. Other Functions 
As mentioned, TTR has been described as an important molecule that participates in 

several mechanisms. Beyond those already discussed, TTR plays numerous actions 

mainly related with various neuropathological conditions, such as AD, nerve biology 

and repair and anti-apoptotic and proteolytic activities (Murakami et al. 2010). 

Previous studies showed that TTR has anti-apoptotic pancreatic activity as it 

protects β cells from apolipoprotein C-III-induced apoptosis (Jacobsson et al. 1989). 

Also, the anti-apoptotic activity of TTR was only observed in the tetrameric structure 

and it was postulated that the TTR monomer conversion must be involved in β cells 
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destruction in diabetes type 1 patients (Refai et al. 2005). These authors concluded 

that TTR is a functional component in pancreatic β cell stimulus-secretion coupling 

(Refai et al. 2005). 

Approximately 1-2% of the plasma TTR circulates bound to high density 

lipoproteins (HDL) via its interaction with apolipoprotein A-I (apoA-I), which forms 

the TTR-apoA-I complex (Sousa et al. 2005). Liz and coworkers showed that TTR is 

able to cleave the C-terminus of free and lipidated apoA-I, promoting a decrease in 

the capacity of HDL to promote cholesterol efflux and to bind to their receptor and 

an increase in apoA-I amyloidogenic potential. Furthermore, authors demonstrated 

that the TTR proteotylic activity is slightly compromised when it is complexed with 

T4 and, it is lost when bound to RBP (Liz et al. 2004; Liz et al. 2007). 

Neuropeptide Y (NPY) is involved in several brain mechanisms and TTR is also 

implicated in its regulation (Nunes et al. 2006). Liz and colleagues, showed that the 

NPY cleavage between Arg33 and Arg35 aa residues induced neuronal regeneration 

(Liz et al. 2009). 

Finally, it is well known that TTR acts in Aβ metabolism as it forms stable 

complexes with Aβ, inhibiting its aggregation/fibril formation and clearance (Costa 

et al. 2008; Li et al. 2013; Schwarzman et al. 1994). Morever, TTR had also been 

described as exerting proteolytic actions in Aβ peptide, as it was showed that TTR 

cleaves the Aβ fibrils, generating smaller Aβ peptides, less toxic than the full length 

ones (Costa et al. 2008). This issue is further discussed in the following section (1.3 

Alzheimer’s Disease). 

             

1.2. Transthyretin and its role in Disease 

	

1.2.1. Disease associated with amyloid formation by TTR  

The conversion of TTR from a uniquely folded, functional protein to highly stable, 

fibrillar aggregates called amyloid has been implicated in a number of disorders. TTR 

is one of the few proteins associated with systemic amyloidosis, a group of disorders 

resulting from the extracellular deposition of well-defined protein aggregates 

characterized by a fibrillar morphology, cross-b structure and peculiar tinctorial 

properties in the presence of specific dyes such as Congo red or thioflavin S (Liu et 

al. 2014; Westermark et al. 2007). These include senile systemic amyloidosis (SSA), 

a late onset disease in which wild-type TTR deposits primarily in the heart, and the 
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familial amyloid polyneuropathies and cardiomyopathies (FAP and FAC), wherein 

point mutations in the gene encoding TTR result in the deposition of protein 

aggregates in the peripheral nerves and heart, respectively, and the rare central 

nervous system selective amyloidosis (CNSA). The CNSA-associated mutants target 

the central nervous system (Table 1.1). Amyloid deposition of wild-type TTR occurs 

in the heart of 10-25% of humans older than 80 years, resulting in SSA, often leading 

to congestive heart failure (Lie and Hammond 1988; Tanskanen et al. 2008). Amyloid 

deposition by TTR is accelerated by the presence of any of the approximately 100 

different amyloidogenic mutations of TTR responsible for early-onset TTR 

amyloidosis with autosomal dominant inheritance, such as FAP, FAC and 

leptomeningeal amyloidosis (Connors et al. 2003; Garzuly et al. 1996). TTR-related 

FAP and FAC usually have an earlier age of onset than that of SSA, occurring as 

early as the second decade of life. This early age of disease onset is presumably due 

to the decreased stability of variant TTR with respect to the wild-type protein (Table 

1.1). 

 

Table	1.1.	TTR	in	relation	to	disease	onset	
	

Disease Mutation Clinical 

Classification 

Age of 

onset (years) 

Affected Population  

 

Senile Systemic 

Amyloidosis (SSA) 

Wild-Type 

 

Cardiomyopathy >60 10-25% of population over 80 years of 

age 

Familial Amyloid 

Cardiomyopathy (FAC) 

Various Mutations 

such as V122I, 

L111M, V20I 

Cardiomyopathy >65 

 

 

>60 

3-4% African Americans (~1.3 Million) 

5% West Africans, High penetrance 

 

Geographic clusters 

Familial Amyloid 

Polyneuropathy (FAP)  

Various Mutations 

such as V30M and 

non V30M  

Peripheral 

neuropathy ± 

cardiomyopathy 

15–80 Worldwide 

Central Nervous 

System Selective 

Amyloidosis (CNSA) 

Highly destabilized 

mutant TTR (e.g., 

A25T or D18G TTR) 

CNS amyloidosis <50 Rarest TTR amyloid group 

Table	was	derived	from	(Johnson	et	al.	2010).	
 
 

Today, over 100 mutations in the gene encoding TTR have been implicated in 

the autosomal dominant disorders named FAP and FAC (Benson 1989; Damas and 

Saraiva 2000; Saraiva 2001). A list of all TTR mutations associated with such 

disorders is reported in a database named “Mutations of Hereditary Amyloidosis” 

[http://www.amyloidosismutations.com/mut-attr.php].  As shown in Figure 1.6, these 

amyloid causing mutations are distributed throughout the entire molecule of TTR. It 
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is important to note that many of the mutations associated with TTR amyloid 

formation are conservative, resulting in little or no perturbation to the overall 

structure of the protein (Hornberg et al. 2000; Steinrauf et al. 1991; Terry et al. 1993). 

Most of the mutations, however, have been shown to influence the thermodynamic 

stability of TTR, a property which correlates well with disease severity (Bonifacio et 

al. 1996; Hammarstrom et al. 2002; Jiang et al. 2002; Jiang et al. 2001a; Mccutchen 

et al. 1993; Quintas et al. 1997; Sekijima et al. 2005). For instance, mutations known 

to severely destabilize the native fold of TTR, such as the L55P mutation, often 

display an aggressive pathology with disease onset occurring as early as the second 

decade of life (Hou et al. 2007).  

 

 
Figure	 1.6.	 Amino	 acid	 sequence	 of	 human	 TTR.	 Amyloid	 causing	 mutations	 are	 highlighted	 in	 red	 and	
positioned	underneath	primary	sequence	of	TTR.		(Adapted	from	Hou,	Aguilar	et	al.,	2007)	

	
Strikingly, not all TTR mutations lead to pathology. Non-amyloidogenic 

mutations, such as the T119M mutation, have been identified and shown to stabilize 

the native fold of TTR. These mutations have also been shown to have a protective 

effect against	the development of disease in heterozygotic individuals with different 
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mutations in both alleles of the TTR gene (Hammarstrom et al. 2001; Hammarstrom 

et al. 2003; Shnyrov et al. 2000).  

 

1.2.2. Structural Features of amyloid fibrils 

The presence of fibrillar protein aggregates is a hallmark of all amyloid diseases 

(amyloidoses), including the TTR disorders mentioned in the previous section. It is 

important to note that while there are many chemically distinct proteins known to 

form amyloid in vivo, all amyloid fibrils, possess the structural features and properties 

discussed herein, irrespective of the protein from which they are derived.  

Much of the structural information available about amyloid fibrils come from 

imaging techniques, such as electron and atomic force microscopy, and X-ray fiber 

diffraction patterns of isolated fibrils. Under an electron microscope, amyloid 

deposits typically appear as uniform, unbranched, fibrillar structures-about 100 Å in 

diameter- of variable length (Cohen and Calkins 1959) (Figure 1.7A). X-ray fiber 

diffraction patterns of isolated fibrils reveal what appears to be a unique cross-β 

structure. This conformation consists of β-sheets that run parallel to the long axis of 

the fibril while their constituent strands run perpendicular to the fibril axis (Eanes 

and Glenner 1968; Jaroniec et al. 2002; Pras et al. 1968). A schematic of this is shown 

Figure 1.7B. 

It is important to note that amyloid fibrils formed in vitro are morphologically 

indistinguishable from those formed in vivo. Overall, the term “amyloid” is generally 

used to refer to insoluble, highly ordered fibrillar aggregates with specific tinctorial 

or dye-binding properties. 

Although amyloid fibril formation has been implicated in the aetiology of the 

TTR amyloidoses, it is currently unclear whether the accumulation of fibrils in 

specific organs and tissues or the process of fibril formation is responsible for disease 

pathology and progression. With this topic widely discussed and debated in the field, 

the remainder of the introduction will focus on the mechanism of amyloid fibril 

formation by TTR. 
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Figure	1.7.	Structural	features	of	the	amyloid	fibril.	(A)	Electron	micrograph	of	TTR	amyloid	fibrils	formed	with	
residues	105-115	in	vitro	(scale	bar:	200	nm).	(B)	Schematic	of	the	cross-β	structure	of	amyloid	fibrils.	The	
structural	repeat	of	4.7	Å	along	the	fibril	axis	corresponds	to	the	spacing	between	adjacent	β-strands	while	
the	10	Å	spacing	perpendicular	to	the	fibril	axis	corresponds	to	the	separation	of	the	β-sheets	(Taken	from	
Jaroniec	et	al.,	2002).	

 

1.2.3. Mechanism of Amyloid Formation 

The precise mechanism by which TTR undergoes amyloid fibril formation in vivo is 

currently unknown. While it is not yet clear how and where TTR forms amyloid in 

humans, biophysical studies reveal that tetramer dissociation is the rate-limiting step 

for amyloidogenesis and that the natively folded monomer must first undergo partial 

denaturation to become competent for misassembly through a nonnucleated 

thermodynamically favorable process (Figure 1.8) (Colon and Kelly 1992; 

Hammarstrom et al. 2002; Hammarstrom et al. 2001; Hammarstrom et al. 2003; Jiang 

et al. 2001b; Lai et al. 1996; Liu et al. 2000; Sekijima et al. 2005). This occurs very 

inefficiently under physiological conditions but is accelerated under acidic conditions 

because the tetramer to natively folded monomer to partially denatured monomer 
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equilibria are shifted toward the latter, facilitating amyloidogenesis. (Colon and Kelly 

1992; Hammarstrom et al. 2002; Hammarstrom et al. 2001; Hammarstrom et al. 

2003; Jiang et al. 2001b; Lai et al. 1996; Liu et al. 2014; Liu et al. 2000; Sekijima et 

al. 2005) 

 

 
 
Figure	1.8.	Schematic	of	the	TTR	amyloidogenesis	pathway	based	on	biophysical	studies	with	 insight	from	
pathological	studies.	Rate-limiting	tetramer	dissociation	affords	natively	 folded	monomers	that	can	either	
reassociate	 or	 partially	 unfold.	 At	 sufficient	 concentration,	 the	misfolded	monomers	 can	 assemble	 via	 a	
downhill	polymerization	to	afford	a	variety	of	aggregate	morphologies	including	amorphous	aggregates	and	
amyloid	fibrils.	The	small	soluble	TTR	oligomers	formed	early	in	this	pathway	are	reported	to	be	cytotoxic	
(Reixach	et	al.	2004;	Sousa	et	al.	2001).	

 

The most compelling evidence for the unit responsible for TTR fibrillogenesis 

came from the work of Kelly and colleagues, who reported that acidic conditions 

mimicking the lysosomal environment induce the dissociation of TTR into a 

monomeric, partially unfolded amyloid competent intermediate which self assembles 

into fibrils in vitro (Colon and Kelly 1992; Kelly 1998; Kelly et al. 1997; Lai et al. 

1996; Peterson et al. 1998). Studies conducted by other groups using serum-range 

concentrations of TTR at nearly physiological pH and microscopy studies coupled 

with mass per length measurements also confirmed that TTR fibrillogenesis likely 

results from the self-assembly of a monomeric unit (Gouet et al. 1999). Over time, 

the emergence of additional studies on the mechanism of TTR fibril formation, 

including those conducted by Liu and collegues (Liu et al. 2000), led to the realization 

that the building block for TTR amyloid fibril formation is the monomeric subunit of 

the protein, albeit with an altered tertiary structure. 

Therefore, the concept emerged that a strategy for ameliorating the amyloidoses 

caused by the misfolding and misassembly of a protein like TTR, which normally 

adopt folded, non-amyloidogenic 3-D structures, focuses on preventing the 

conformational excursions from the native state or partial denaturation that renders 

them amyloidogenic (Figure 1.9) (Hammarstrom et al. 2003; Johnson et al. 2009; 

Kelly 1998; Kelly et al. 1997; Miroy et al. 1996). Stabilizing the properly folded, 
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non-amyloidogenic conformations of these proteins is considered to be the most 

conservative approach for treating these maladies, because it is still unclear which 

misfolded or misassembled TTR conformation, leads to proteotoxicity (Lacor et al. 

2004; Lambert et al. 1998; Reixach et al. 2004; Sousa et al. 2001). There is mounting 

evidence that stopping the process of amyloidogenesis without necessarily clearing 

the deposited amyloid fibrils is sufficient to stop the degeneration of post-mitotic 

tissue and disease progression (Coelho 2007; Rydh et al. 1998). In the case of TTR 

amyloidogenesis, the tetramer must first dissociate and then the natively folded 

monomer must undergo partial denaturation in order for the TTR subunits to become 

aggregation competent (Hammarstrom et al. 2002; Hammarstrom et al. 2001; 

Hammarstrom et al. 2003; Jiang et al. 2001a; Johnson et al. 2012; Kelly et al. 1997; 

Lai et al. 1996).  

 

 
Figure	1.9.	Folding	free	energy	landscape	of	an	amyloidogenic	protein	that	normally	forms	a	well	folded	3D	
structure,	but	can	also	aggregate	as	a	consequence	of	a	conformational	change,	e.g.,	TTR	or	lysozyme.	Three	
energy	wells	are	shown:	the	native	state,	a	partially	unfolded	amyloidogenic	intermediate,	and	an	aggregated	
state.	 Conformational	 excursions	 convert	 the	native	 state	 to	 the	partially	unfolded	 state,	which	 can	 then	
aggregate.	 The	 stability	 of	 the	 aggregated	 state	 depends	 on	 the	 protein	 concentration.	 At	 low	 protein	
concentrations,	it	would	be	less	stable	than	the	native	state,	and	therefore	not	substantially	populated.	As	
the	protein	 concentration	 increases,	 it	becomes	 increasingly	 stable,	 and	will	 eventually	become	 the	most	
stable	state.	

 

Several mechanisms have been proposed to explain the aggregation of 

amyloidogenic proteins (Ferrone 1999; Powers and Powers 2006). In the most widely 

accepted mechanism, multiple chains of the amyloidogenic protein assemble into an 

oligomeric nucleus in the rate-limiting step,	 before the rate of amyloid fibril 

formation becomes substantial. This scenario is referred to as a nucleated 

polymerization (Figure 1.10, top) (Ferrone 1999). For other proteins, e.g. Aβ whose 

aggregation appears to cause Alzheimer’s disease, rapid oligomerization of the 

amyloidogenic protein into spherical or amorphous micelle-like assemblies is 
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observed and these undergo slow conversion into amyloid fibrils in a process 

associated with a high activation barrier. The latter mechanism is referred to as a 

nucleated conformational conversion and appears to govern Aβ aggregation, at least 

in vitro (Figure 1.10, middle panel) (Lee et al. 2012). TTR aggregation proceeds by 

yet a third mechanism, referred to as a downhill polymerization reaction (Hurshman 

et al. 2004). After rate-limiting tetramer dissociation, and monomer misfolding, the 

partially denatured TTR monomers aggregate very efficiently because the 

misassembled dimer is more stable than the dimer and the misassembled trimer is 

more stable than the disassembled dimer, etc. TTR aggregation does not require 

nucleus formation, is not amenable to seeding, and is limited only by the relatively 

low activation barriers of the bimolecular association of misfolded TTR monomers 

and oligomers, thus the downhill polymerization designation (Figure 1.10, bottom 

panel) (Hurshman et al. 2004).   

After monomeric TTR undergoes partial denaturation, it spontaneously 

misassembles into a variety of aggregate morphologies, including amyloid fibrils and 

more structurally diverse aggregates exhibiting varying extents of cross-β-sheet 

structure (Figure 1.8) (Hurshman et al. 2004; Lashuel et al. 1999).  Because TTR 

aggregation is very efficient once the misfolded monomer state is reached, it seems 

unwise to try to block TTR aggregation after the rate-limiting tetramer dissociation. 

The tetramer–monomer–unfolded monomer equilibria (Figure 1.8) are strongly 

thermodynamically linked (Hurshman Babbes et al. 2008). Thus, destabilization of 

either the tetramer or the monomer (and perhaps even the dimer in some mutants) can 

enhance TTR amyloidogenicity (Hammarstrom et al. 2003; Hurshman et al. 2004; 

Hurshman Babbes et al. 2008; Jiang et al. 2001a; Kelly et al. 1997; Lashuel et al. 

1999; Mccutchen et al. 1993; Sekijima et al. 2005). Generally, the disease-associated 

TTR mutations characterized to date either decrease the tetrameric quaternary 

structural stability, or accelerate tetramer dissociation, or decrease the monomer’s 

tertiary structure stability, or cause a combination of these effects (Hammarstrom et 

al. 2003; Hurshman et al. 2004; Hurshman Babbes et al. 2008; Jiang et al. 2001a; 

Kelly et al. 1997; Lashuel et al. 1999; Mccutchen et al. 1993; Sekijima et al. 2005).   
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Figure	1.10.	Energy	diagrams	associated	with	three	distinct	mechanisms	of	protein	aggregation.	In	a	nucleated	
polymerization	(top),	the	initial	association	events	are	unfavorable	until	a	critical	size	is	reached.	The	oligomer	
of	this	size	is	referred	to	as	the	nucleus.	Subsequent	steps	are	favorable,	making	further	growth	favorable	for	
oligomers	larger	than	the	nucleus.	In	a	nucleated	conformational	conversion	(middle),	facile	initial	association	
steps	form	amorphous	oligomers.	Oligomers	of	a	certain	size	can	undergo	a	rate-limiting	conversion	step,	in	
which	 they	 change	 from	 an	 amorphous	 structure	 to	 a	 cross-β-sheet	 fibrillar	 state.	 Subsequent	 steps	 are	
favorable,	 as	 in	 the	 nucleated	 polymerization.	 In	 a	 downhill	 polymerization	 (bottom),	 the	mechanism	by	
which	 TTR	 aggregates,	 all	 of	 the	 association	 steps	 are	 favorable	 after	 formation	 of	 the	 amyloidogenic	
intermediate,	and	there	is	no	kinetic	barrier	to	oligomerization.	The	aggregates	shown	are	ordered,	but	they	
need	not	be;	TTR	forms	a	collection	of	aggregate	structures.	

	

1.2.4. Structure of the amyloidogenic state 

Considerable effort has been expended to determine the structure of the monomeric 

amyloidogenic state of TTR populated at weakly acidic pH values. Early studies 

performed by Kelly and coworkers illustrated that the monomeric, amyloid 

competent intermediate formed in the fibrillogenesis pathway of TTR consists of six 

β-strands, instead of the eight normally observed in the native monomer (Kelly et al. 

1997; Lai et al. 1996). Local conformational changes involving the C and D strands 

of the monomeric subunit were thought to occur immediately following TTR tetramer 

dissociation, leading to the exposure of key hydrophobic residues normally buried in 
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the native form of the protein (Kelly et al. 1997; Lai et al. 1996). In fact, biophysical 

and limited proteolysis experiments have led to the conclusion that upon acidification 

tetrameric TTR dissociates into monomers with the subsequent unfolding of the β-

strand C, the β-strand D and the connecting CD loop (Kelly et al. 1997; Lai et al. 

1996). 

In another report, it was proposed, on the basis of hydrogen/deuterium exchange 

experiments coupled to NMR, that the β-sheet CBEF is the most destabilized upon 

acidification of TTR at pH 4.5 (Liu et al. 2000). Significant advances have been 

reached with a double mutant of TTR carrying two single mutations (F87M/L110M) 

designed to destabilise the molecular interface between the subunits that compose the 

tetramer (Jiang et al. 2001b). This double mutant, generally referred to as M-TTR, 

was shown to be stable as a monomer at neutral pH and has proved a unique tool for 

characterizing, at the molecular level, the transition from the folded non-

amyloidogenic monomer populated at neutral pH to the amyloidogenic state 

populated at low pH (Jiang et al. 2001b). Solution NMR studies have shown that M-

TTR is folded at neutral pH, with many of the resonances of the β-sheet DAGH 

exhibiting line broadening, particularly the β-strand H, indicative of structural 

fluctuations (Lim et al. 2013). By contrast, the β-sheet CBEF is not just folded, but 

also substantially packed. Upon acidification to pH values promoting amyloid fibril 

formation, line broadening extends to the β-strand D, the D-E loop, the E-F helix, and 

the residues of the A-B loop forming interactions with the helix, whereas most 

residues of the β-sheet CBEF maintain sharp, non-broadened resonances (Lim et al. 

2013). These observations have been confirmed later on tetrameric TTR at mildly 

low pH (Lim et al. 2016b).  

Hence, it is not yet clear if the partial unfolding of the monomeric folded unit of 

TTR to produce the amyloidogenic state involves the β-strands C and D and the 

interconnecting loop (Kelly et al. 1997; Lai et al. 1996), the CBEF β-sheet (Liu et al. 

2000) or only the peripheral portion of the DAGH β-sheet (Lim et al. 2013). A 

scheme of the proposed amyloidogenic states of TTR is presented in Figure 1.11.  
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Figure	 1.11.	 Structural	 rearrangements	 in	 the	 TTR	 monomer	 thought	 to	 give	 rise	 to	 the	 amyloidogenic	
intermediate.	The	red	colour	indicates	the	unfolding	segments	and	the	orange	colour	shows	the	destabilize	
protein	segment.	

 
In an independent study, the folding process of M-TTR was characterized 

kinetically and at equilibrium using a number of biophysical probes, leading to the 

identification of a molten globule state populated at equilibrium at low urea 

concentrations and to an off-pathway partially folded state populated transiently 

during the folding process of M-TTR (Conti et al. 2014). The correspondence 

between any of such conformational states and the amyloidogenic state of M-TTR 

populated at weakly acidic pH has not yet been established. 

 

1.2.5. The possible role of proteolytic cleavage in amyloid fibril 

formation 

In addition to full-length M-TTR, the TTR fragment encompassing residues 49-123 

and generated by proteolytic cleavage of the peptide bond Lys48–Thr49, was 

proposed to be the main fragment present in ex vivo TTR amyloid fibrils, regardless 

of the presence, nature or position of the amyloidogenic mutation (Bergstrom et al. 

2005; Ihse et al. 2013; Thylen et al. 1993). The protease responsible for such a 
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cleavage has not yet been identified, but the highly specific cleavage suggests that it 

could be a trypsin-like serine protease. Meanwhile Westermark and collaborators 

have elegantly characterized the constituents of TTR amyloid fibrils extracted from 

cardiac amyloid deposits and adipose tissue, identifying two clearly, distinct 

categories (Bergstrom et al. 2005; Ihse et al. 2013; Westermark et al. 1996). Type A 

fibrils contain a high proportion of truncated species that are not found in type B 

fibrils, which are composed almost entirely of full-length TTR. The possible 

pathogenic role of proteolytic cleavage is suggested further by the clinical course in 

patients with hereditary TTR amyloidosis who undergo liver transplantation to 

replace their variant TTR production with wild-type TTR. Individuals with type A 

fibrils in their cardiac deposits have a notably poorer outcome, often with rapidly 

progressive cardiac involvement (Gustafsson et al. 2012; Marcoux et al. 2015). 

It was recently shown that limited proteolysis of the highly destabilized S52P 

variant of TTR generates the 49–127 fragment that, if released under physiological 

fluid agitation, rapidly self-aggregates into very stable aggregates together with the 

full-length protein (Mangione et al. 2014). This behavior has also been found in other 

variants (Marcoux et al. 2015). It is not yet clear if the proteolytic cleavage occurs 

before or after the fibrils are deposited, but the molecular mechanism of this 

remarkable phenomenon and whether it underlies amyloid fibrillogenesis by other 

amyloidogenic TTR variants, including the wild-type protein, are fundamental to 

understanding the pathogenesis of this amyloid disease (Mangione et al. 2014).  

 

1.2.6. Transgenic Animals 

Multiple attempts have been made to generate transgenic murine models of TTR 

amyloidosis (Kohno et al. 1997; Tagoe et al. 2007; Teng et al. 2001; Yamamura et 

al. 1987). Successful models use the human TTR gene regulated by its own promoter 

with tissue specific expression. They require integration of multiple copies of the 

gene and production of large amounts of the human protein in the mouse. Transgenic 

animals expressing low concentrations of amyloid-prone mutant human TTR, 

including the very aggressive L55P variant (L55P TTR) do not develop amyloid 

deposits. Silencing the murine gene by targeted disruption in the presence of the 

human L55P TTR gene resulted in tissue deposition (Sousa et al. 2002; Tagoe et al. 

2007). These observations suggest that incorporation of endogenous murine TTR 

subunits into heterotetramers otherwise composed of transgene-encoded human TTR 

increases the kinetic stability of such heterotetramers, thereby preventing 
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dissociation, aggregation, and deposition. However, at present, none of the murine 

transgenic models of TTR amyloidosis exhibits ideal characteristics. While some of 

the variations reflect general differences between humans and mice, the details of 

which are not fully understood, some others are a consequence of particular features 

of murine molecules and their interaction with transgene products (Reixach et al. 

2008). Additionally, animal models only represent an experimental surrogate and 

results obtained from mouse experiments do not necessarily recapitulate the human 

situation. 

 Despite these limitations transgenic animals have proven particularly useful 

in the assessment of small molecules in pre-clinical studies, particularly when a 

promising drug requires validation at the animal model level before undergoing 

clinical trials (Almeida and Saraiva 2012; Teixeira et al. 2016). Similarly, animal 

models expressing human TTR have been very useful in the validation of methods 

based on RNA silencing in ameliorating the symptoms and histopathology of TTR 

amyloidosis (Butler et al. 2016; Goncalves et al. 2016). 

 
 

1.3. Alzheimer’s Disease 

 

1.3.1. Discovery the disease and the amyloid hypothesis  

In 1906, at the 37th meeting of the Society of Southwest German Psychiatrists in 

Tübingen, Alois Alzheimer presented the case of his patient Auguste Deter. In this 

single case, he described the main clinical and neuropathological characteristics of a 

disease that was later named after him: memory disturbance, cognitive impairment, 

neuron loss, miliary bodies (plaques) and dense bundles of fibrils (tangles) 

(Alzheimer 1907). Today, it is known that Alzheimer’s disease (AD) is the most 

common neurodegenerative disease, with nearly 30 million cases worldwide (data 

from Alzheimer's Association, 2012). AD is a neurodegenerative disorder widely 

abundant in elderly people. Pathological hallmarks of AD include intracellular 

neurofibrillary tangles consisting of insoluble deposits of hyper-phosphorylated 

microtubule-associated tau protein and extracellular amyloid plaques deposition, 

mainly composed by neurotoxic Aβ peptides (Maccioni et al. 2001). 

Despite the many pathological characteristics of AD, the most consensual 

hypothesis that explains the disease process is the amyloid hypothesis. It states that 
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the gradual accumulation and aggregation of the hydrophobic Aβ peptides can 

directly and indirectly, through the generation of a complex cascade of molecular 

events, result in progressive synaptic and neuritic injury, which, subsequently, leads 

to hyperphosphorylation of tau and formation of neurofibrillary tangles (Hardy and 

Higgins 1992). Indeed, Aβ accumulation, oligomerization and deposition within the 

brain are the main hallmarks in the pathogenesis of AD and imbalances between its 

production and clearance results in AD progression. Aβ is found in the extracellular 

fluids of the brain, including the CSF, and in the interstitial fluids surrounding 

neurons and glial cells in brain lobes (Vigo-Pelfrey et al. 1993). 

 

1.3.2. Amyloid-beta metabolism 

The Aβ peptides (~4kDa) are proteolytic cleavage products of the sequential 

processing of the amyloid precursor protein (APP) by β- and γ-secretases.	 The 

amyloid precursor protein (APP) is a highly conserved transmembrane, type-1, 

integral glycoprotein that is ubiquitously expressed and around 110-135 kDa in size 

(Selkoe et al. 1988). APP is composed of three domains: a large hydrophilic N-

terminal extracellular domain, a single hydrophobic transmembrane domain and a 

small C-terminal cytoplasmic domain (Kang et al. 1987). It is ubiquitously expressed 

in neuronal and non-neuronal cells. The APP gene is located on chromosome 21 

(Goate et al. 1991; Korenberg et al. 1989). Through alternative splicing 8 isoforms 

of APP are generated. Among these, APP695, APP751 and APP770 are the three 

major isoforms containing 695, 751, and 770 amino acids, respectively (Sandbrink et 

al. 1996). APP695 is mainly expressed in the CNS, particularly in neurons, while 

APP751 and APP751 are also widely expressed in other tissues (O'Brien and Wong 

2001). The highest levels of APP695 expression in the brain could be detected in the 

cerebellum, cortex and hippocampus (Sola et al. 1993). APP is synthesized in the 

endoplasmic reticulum and it is transported through the Golgi apparatus to the trans-

Golgi-network (TGN) and TGN-derived vesicles to the cell surface to be cleaved or 

endocytosed and, either back into the TGN (Caporaso et al. 1994) or degraded by 

lysosomes, where α-, β- and γ-secretases act (Nunes et al. 2006).  

The cleavage of APP involves a variety of secretases (α-, β- and γ-secretases) 

and can occur in two different pathways: a non-amyloidogenic pathway, which 

prevents the formation of Aβ peptides (α- and γ-secretase cleavages), and an 

amyloidogenic pathway, which generates Aβ peptides (β- and γ-secretase cleavages). 

The amyloidogenic pathway comprises an initial cleavage by β-secretase that 
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generates a larger extracellular soluble APP-beta (sAPPβ) and a membrane anchored 

C-terminal end (C99). Then, γ-secretase acts on C99 in the Aβ domain generating Aβ 

peptide and the APP intracellular domain (AICD). The γ-secretase cleavage site 

within the C99 is variable and produces a variety of Aβ peptides whose sizes range 

from 39 to 43 amino acids (Figure 1.12). Even though, there are two major Aβ 

species, Aβ1-40 and Aβ1-42. The predominant form is the Aβ1-40, whose levels are ten 

times higher comparing to Aβ1-42 (Lorenzo and Yankner 1994). However, Aβ1-42 is 

more prone to aggregate and to form amyloid fibrils (Jarrett and Lansbury 1993), is 

significantly more neurotoxic and is the major specie accumulated in senile plaques 

(Tsuzuki et al. 2000). The Aβ peptides are mainly produced by plasma membranes 

and released to the extracellular space where they can deposit as senile amyloid 

plaques (LaFerla et al. 2007). They can also be deposited as diffuse deposits as an 

intermediate step in the formation of compact amyloid plaques. It is clear that APP 

cleavage takes a central position in AD pathogenesis, as alterations in its processing 

result in increased Aβ peptide generation, which is deposited as amyloid plaques in 

AD brains (Li et al. 2011). Indeed, aberrant and/or cumulative Aβ production, have 

been postulated to be the main etiological basis of AD. 

 
Figure	 1.12.	 APP	 processing.	 Schematic	 diagram	 showing	 non-amyloidogenic	 and	 amyloidogenic	 APP	
processing.	In	the	non-amyloidogenic	processing	APP	is	sequentially	cleaved	by	α-secretase	and	γ-secretase	
(left)	releasing	the	p3	fragment.	In	the	amyloidogenic	processing	the	Aβ	peptide	is	released	via	β-secretase	
and	γ-secretase	(right).	
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1.3.3. Role of TTR as an Aβ detoxifier  

The clearance of Aβ in the human CNS takes place in the extracellular space and is 

controlled by the brain Aβ degradation and its efflux from the CNS to the peripheral 

circulation through the blood-brain barrier or BCSFB (Zlokovic 2004). This process 

is mediated by various proteins. In fact, some reports recognized several extracellular 

proteins, present in CSF, as Aβ carriers: α-1-antichymotrypsin (Aksenova et al. 

1996), apolipoprotein E (ApoE) (Strittmatter et al. 1993) and apolipoprotein J (ApoJ) 

and TTR (Schwarzman et al. 1994). The sequestration hypothesis for the Aβ 

clearance emerged. It suggests that normally produced Aβ is sequestrated by certain 

extracellular proteins, thereby preventing amyloid formation and Aβ toxicity 

(Schwarzman et al. 1994). 

Several proteins are involved in Aβ production, degradation and clearance 

(Santos et al. 2012). Among them, TTR has been described as a protective molecule 

in Aβ metabolism (Schwarzman et al. 1994) because it binds to Aβ, forming stable 

complexes (Mazur-Kolecka et al. 1997) and preventing its aggregation/amyloid 

formation (Schwarzman et al. 1994). In fact, the non-mutated form of TTR was 

identified as the major Aβ binding protein in the CSF that could decrease the 

aggregation state of the peptide and its toxicity (Carro et al. 2002; Schwarzman et al. 

1994). Morever, other authors observed that TTR expression is induced in response 

to an overproduction of Aβ peptides (Stein and Johnson 2002) and an inverse 

correlation exists between TTR levels and senile plaques abundance (Elovaara et al. 

1986; Merched et al. 1998; Serot et al. 1997), raising the possibility of an inadequate 

physiological sequestration of Aβ in the CSF/extracellular fluid (Serot et al. 1997). 

Moreover, lack of amyloid plaques in young AD mouse models is associated with 

increased levels of TTR, whereas neutralization of TTR is associated with increased 

Aβ levels, tau phosphorylation, neuronal loss and apoptosis in the hippocampus 

(Stein and Johnson 2002). Even though, it remains unknown whether the decreased 

levels of TTR in the CSF are restricted to AD and are a primary or a later event in the 

disease onset/progression (Chiang et al. 2009).  

An in vitro protein-protein interaction study, between TTR and Aβ aggregates 

indicated that TTR is protective due to its capacity to bind toxic or pretoxic Aβ 

aggregates, both intra and extracellularly. Using APP23 transgenic mice models of 

AD carrying the human TTR (hTTR) gene, authors showed that hTTR 

overexpression was ameliorative whereas silencing of the endogenous mouse TTR 

gene accelerated the development of AD phenotype (Buxbaum et al. 2008). Others 
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observed that Aβ levels and deposition were higher in the brains of an AD model of 

transgenic mice crossed to carriers of a TTR hemizygous deletion 

(ceAPPswe/PS1ΔE9/TTR+/- mice) compared to age-matched controls 

(ceAPPswe/PS1ΔE9/TTR+/+ mice) (Choi et al. 2007), without altering APP 

processing. Likewise, transgenic mice harboring APPswe/PS1ΔE9 transgenes that 

lead to development of AD, maintained in an enriched environment, resulted in 

increased TTR expression and notable declines in cerebral Aβ levels and amyloid 

deposits, compared to mice held in standard housing conditions (Lazarov et al. 2005). 

In Caenorhabditis elegans expressing human Aβ42, TTR diminished the 

neurodegeneration prompted by the Aβ toxic peptides (Link 1995). Despite such 

finding, a recent study in Tg2576 mice concluded that the absence of TTR inhibited 

Aβ deposition (Wati et al. 2009). Besides some controversy, TTR is generally 

considered as a neuroprotective molecule in AD (Fleming et al. 2009).  

 

 
Figure	1.13.	Proposed	mechanisms	of	TTR	 inhibition	of	Aβ	toxicity.	TTR	 inhibition	of	Aβ	aggregation	(fibril	
formation)	was	reported	by	many	groups	(Schwarzman	et	al.	1994;	Buxbaum	et	al.	2008;	Li	et	al.	2011;	Costa	
et	al.	2008;	Giunta	et	al.	2005;	Liu	et	al.	2006)	and	current	evidence	suggested	that	the	binding	is	mediated	by	
association	of	monomeric	TTR	to	Aβ.	It	is	also	possible	that	TTR	facilitates	Aβ	degradation	directly	(Costa	et	
al.	2008)	or	 indirectly,	 transports	of	Aβ	from	CNS	 into	serum	(plasma	sink	hypothesis)	 (Schwarzman	et	al.	
1994;	Schwarzman	et	al.	2004).	TTR	may	also	inhibit	Aβ	production	by	inhibition	of	g-secretase	cleavage	(Li	et	
al.	2011).	

Costa and coworkers showed that TTR decreased the rate of aggregation without 

affecting the fraction of Aβ in the aggregate pool and promoted removal of 
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deposited/insoluble Aβ in amyloid plaques (Costa et al. 2008). The nature of TTR-

Aβ binding was confirmed by various authors and it is now well established that it 

occurs on Aβ monomers, oligomers and fibrils. Analyses of the in vitro interaction 

between human TTR and Aβ, using predominantly solid phase assay systems, have 

shown that TTR binds to all forms of Aβ: monomers, oligomers and fibrils (Buxbaum 

et al. 2008; Costa et al. 2008; Du and Murphy 2010; Liu and Murphy 2006). The 

binding depends on the quaternary structure of TTR, with monomeric TTR binding 

Aβ with higher affinity than tetrameric TTR (Buxbaum et al. 2008; Costa et al. 2008; 

Du et al. 2012; Du and Murphy 2010; Liu and Murphy 2006). Moreover, the binding 

occurs with higher affinity for Ab oligomers, aggregates and fibrils with respect to 

Ab monomers (Buxbaum et al. 2008; Costa et al. 2008; Du et al. 2012; Du and 

Murphy 2010; Liu and Murphy 2006). In addition to inhibiting Ab fibril formation, 

TTR was also shown to bind to preformed Ab oligomers and fibrils and reduce their 

toxicity to murine primary neurons and human neuroblastoma SH-SY5Y cells 

(Cascella et al. 2013; Li et al. 2011). It was then shown that low concentrations of 

TTR tetramers are able to inhibit Aβ aggregation in vitro through the biding of 

monomeric Ab to the thyroxine binding pocket of the TTR tetramer, ano observation 

obtained with NMR and epitope mapping (Li et al. 2013). In the same study it was 

found that M-TTR did not bind Aβ monomers, while its was able to bind Ab 

oligomers and inhibit fibril formation (Li et al. 2013). This suggested that inhibition 

of fibrillogenesis is mediated by TTR tetramer binding to Aβ monomers and M-TTR 

binding of Aβ oligomers. However, the precise mechanisms by which the TTR-Aβ 

interaction occurs and how TTR alters Aβ aggregation and clearance are not 

completely understood. 

It is important to note that, although nearly consistent global data regarding the 

role of TTR in Aβ degradation and clearance, some of the contradictory results could 

be promoted by variables that were not considered or evaluated, as the gender or the 

animal model. Accordingly, a study performed in APPswe/PS1A246E transgenic 

mice crossed with TTR-null mice, showed a gender-associated modulation of brain 

Aβ levels and brain sex steroid hormones (SSHs) by TTR, thus suggesting that 

decreased levels of brain SSHs in female mice with reduced TTR expression may 

underlie their AD-like neuropathology (Oliveira et al. 2011). More recently, similar 

results were obtained by Ribeiro and colleagues (2012) where they found decreased 

plasma TTR levels in mild-cognitive impairment and AD patients, gender-dependent 

(Ribeiro et al. 2012). 
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Despite intensive research about the TTR-Aβ binding and on the role of TTR 

(both tetramer and monomer TTR) in Aβ aggregation, degradation and clearance, 

further studies are required to disclose the mechanisms that mediate the expression 

of TTR, particularly in choroid plexus and to unravel the whole functions of TTR in 

Aβ metabolism, aggregation and clearance. 
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1.4. Aim of thesis 

As described in section 1.2, transthyretin (TTR) is a homotetrameric protein and is 

one of the few human proteins associated with systemic amyloidosis. In spite of its 

link to human pathology, an anti-amyloidogenic effect that prevents fibril formation 

of the amyloid β (Aβ) peptide associated with Alzheimer’s disease (AD) and that 

inhibits Aβ oligomer toxicity has been proposed for TTR. As described in section 

1.3, previous data do not offer any insight into the mechanism by which TTR inhibits 

Aβ fibril formation and oligomer toxicity and on the TTR form responsible for such 

an effect. Furthermore, the key structural events inducing TTR to adopt an 

amyloidogenic conformation are not yet clear. 

In this thesis, I tried to address both aspects. I labeled various form of TTR (WT-

TTR, M-TTR, W79F-M-TTR, W41F-M-TTR) with a coumarin derivative, which 

generates the FRET phenomenon with the endogenous tryptophan residues present 

in native TTR. In this FRET strategy, the tryptophan residues act as FRET donors 

and the coumarin derivative as the FRET acceptor. The ability of TTR to form soluble 

oligomers and insoluble fibrils, on the one hand, on to act as a molecular detoxifier, 

on the other hand, are based on the structural plasticity of the protein and thus on 

subtle conformational changes in the soluble state of TTR. FRET is an ideal technique 

to detect such subtle structural changes and is thus a very promising approach to 

address these two issues. In addition, the key structural events at the basis of TTR 

self-aggregation and TTR-oligomer interaction were monitored with a number of 

techniques. These include X-ray crystallography, optical absorption spectroscopy, 

far-UV circular dichroism spectroscopy, intrinsic and extrinsic fluorescence 

spectroscopy, stopped-flow devices, turbidimetry, dynamic and static light scattering, 

atomic force microscopy, and other biophysical and biochemical techniques. 
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2.1 Protein expression, purification and mutagenesis of 
TTRs 

The pMMHa plasmid containing the WT-TTR or M-TTR gene was transformed into 

competent BL21 DE3 Epicurian Gold cells (Strategene, Amsterdam, Netherlands). 

M-TTR was previously obtained by introducing two mutations at the dimer-dimer 

interface (F87M and L110M) in the Hu-TTR plasmid DNA by site-directed 

mutagenesis (Jiang et al. 2001). Moreover, two mutant proteins named W79F-M-

TTR and W41F-M-TTR were produced by site-directed mutagenesis starting from 

the DNA plasmid of M-TTR. Mutations in the gene coding for M-TTR were 

generated using the QuickChange site-directed mutagenesis kit (Agilent 

Technologies, Santa Clara, CA, USA). The DNA sequences of the wild-type and 

mutated genes were checked with DNA sequencing.   

Both the WT and mutant proteins were isolated and purified from recombinant 

sources following previously described procedures (Reixach et al. 2008). In brief, the 

initial culture of Escherichia coli cells containing the plasmid was grown until cell 

growth was visible before inoculating 15 ml of such culture into 1.5 L of LB media 

with 100 µg/ml of ampicillin in 2.8-liter Fernbach flasks. Cells were grown at 37°C 

with vigorous shaking until an OD600 of 1.0–1.2 was reached; they were then induced 

with 1 mM isopropyl β-D-thiogalactoside (IPTG) and grown overnight at 37°C with 

vigorous shaking, except for W41F M-TTR which was incubated overnight at 25 °C. 

Cells were then harvested by centrifugation at 8,200 rpm (21,0000 g) for 10 min at 4 

°C using a Beckman JA-10 rotor kept in the cold room; then the cells were 

resuspended in 400 ml (100 ml per liter of culture) of TBS (20 mM Tris, 0.5 M NaCl, 

pH 7.5 1 mM PMSF and 1 mM EDTA), then sonicated in the cold room, or ice bath 

(3x3 min with 3 s pulses, 100 amplitude resting, 1 min between cycles). Pellet cell 

debris was collected by centrifugatrion at 9,000 rpm (12,000 g) for 15 min (Beckman 

JA-10 rotor), the resuspended ammonium sulfate pellet was desalted by dialysis 

against 25 mM Tris, pH 8.0 at 4 °C. To increase purity and remove soluble 

aggregates, the resulting solution was chromatographed on a ionic exchange, HR-Q 

column (23 ml) using buffers A (25 mM Tris, pH 8.0, 1 mM EDTA) and buffer B 

(25 mM Tris, pH 8.0, 1 M NaCl, 1 mM EDTA) with the gradient program starting 

from 0% buffer B, going to 20% buffer B in 1CV; going to 35% buffer B in 9CV; 

keeping 35% buffer B for 1/2CV and then going to 100% buffer B in 2CV. The 

samples were collected at 21% buffer B till 35% buffer B. Pool fractions containing 
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TTRs were concentrated down to ~20 ml using an ultrafilter and a 10 KDa MWCO 

membrane. These TTR variants were further purified by gel filtration by employing 

a Superdex 75 gel filtration column (Amersham Pharmacia, Piscataway, NJ). The 

purification yield of WT-TTR, M-TTR and W79F-M-TTR was usually ∼10−30 mg/L 

of LB culture. By contrast, the purification yield of W41F-M-TTR was low, usually 

∼5−15 mg/L of LB culture. Purified proteins were stored at −20 °C in 20 mM 

phosphate buffer, pH 7.4. The molecular masses of the purified variants were checked 

with MALDI mass spectrometry. Protein purity was found by SDS-PAGE to be 

>95% in all cases.  

 

2.2 Purification of Aβ40 monomer 

The recombinant Aβ40 peptide was expressed in the Escherichia coli BL21Gold 

(DE3) strain (Stratagene, Amsterdam, Netherlands) and purified as described 

previously with slight modifications (Walsh et al. 2009). Solutions of monomeric 

peptides were prepared by dissolving the lyophilized Aβ40 peptide in 6 M GuHCl. 

Monomeric forms were purified from potential oligomeric species and salt using a 

Superdex 75 10 ⁄ 300 GL column (GE Healthcare, Uppsala, Sweden) at a flowrate of 

0.5 mL/min, and eluted in 20 mM sodium phosphate buffer, pH 7.4, 25 °C 

supplemented with 150 mM NaCl. The center of the absorbance peak was collected 

and the peptide concentration was determined from the absorbance of the resulting 

solution using ε280 = 1490 mol-1 cm-1. 

 

2.3 Labeling of TTRs with DACM 

Each protein variant was diluted to 0.2 mM in 20 mM phosphate buffer at pH 7.4, 25 

°C. Aliquots of DACM dissolved in pure DMSO were added to a tenfold molar 

excess of dye. The sample was wrapped with aluminium foil and incubated under 

shaking for 1 h at 37 °C. The reaction was quenched with 5 µl of TFA. The unbound 

dye was removed by extensive dialysis, using membranes with a 3.0 kDa molecular 

weight cut off, and the sample was then centrifuged to remove any precipitate. 

DACM concentration of the resulting labelled protein sample was determined using 

ε381 = 27,000 M–1 cm–1. Protein concentration was measured at 280 nm using ε280 = 

18450 M–1 cm–1 for M-TTR, ε280 = 77600 M–1 cm–1 for wt TTR, ε280 = 12950 M–1 
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cm–1 for W79F and W41F M-TTR, after subtraction of the contribution of an 

equimolar concentration of DACM-GSH. 

 

2.4 Dynamic Light Scattering (DLS) Measurements 

All TTR samples were prepared at a final protein concentration of 15 µM in 20 mM 

phosphate buffer, pH 7.4, 25 °C or 20 mM acetate buffer, pH 4.4, 25 °C. Aβ40 samples 

were prepared at various peptide concentrations in 20 mM phosphate buffer pH 7.4, 

25 °C, 150 mM NaCl. Before the measurements, the protein samples were filtered 

with Anotop filters having a cutoff of 20 nm (Whatman, Little Chalfont, UK). DLS 

measurements were performed using a Zetasizer Nano S device from Malvern 

Instruments (Malvern, Worcestershire, U.K.) thermostated with a Peltier system. 

Low-volume 10 × 4 mm disposable cells were used. The values of refractive index 

and viscosity set on the instrument were determined using the software provided with 

the instrument, based on the information of buffer and temperature provided by the 

user. The hydrodynamic radius was deduced from translational diffusion coefficients 

using the Stokes-Einstein equation. Diffusion coefficients were inferred from the 

analysis of the decay of the scattered intensity autocorrelation function. All such 

calculations were performed by the instrument automatically. The presented size 

distributions were the average of three consecutive measurements. 

 

2.5 X-ray Crystallography 

DACM-WT-TTR and DACM-M-TTR were concentrated and buffer-exchanged at 4 

°C with Amicon Ultra-4 Centrifugal Filter Unit with Ultracel-3 membrane, Ultracelâ 

- 3K (Merck Millipore, Billerica, MA, USA) down to a final concentration of 12 

mg/ml, in 100 mM KCl, 20 mM Sodium Phosphate, pH 7.4. Both were crystallized 

by sitting drops technique at 20 °C: DACM-WT-TTR crystallized in 0.2 M CaCl2, 

0.1 M HEPES sodium, pH 7.5, 28% v/v polyethylene glycol 400; DACM-M-TTR 

crystallized in 0.2 M CaCl2, 0.1 M sodium acetate, pH 4.6, 20% v/v 2-propanol. Both 

were cryoprotected adding glycerol to the crystallization solution (final concentration 

30% v/v) and flash-frozen in liquid nitrogen. Diffraction data for DACM-WT-TTR 

and DACM-M-TTR were collected at the European Synchrotron Radiation Facility 

(ESRF, Grenoble, France) at the ID23-1 and at the ID23-2 beam line to the resolution 

of 1.42 Å and 1.7 Å, respectively.  
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To assess if DACM was damaged during the X-ray data-collection, crystal 

absorption spectra were collected before and after the diffraction experiment at 

ID29S (ESRF): both spectra display the maximum absorption at 384 nm typical of 

DACM and their intensities are comparable ruling out major radiation damage (data 

not shown).  

The diffraction data were integrated and processed using MOSFLM (Leslie 

1992), POINTLESS and SCALA (Collaborative Computational Project 1994; Evans 

2006; McNicholas et al. 2011). The crystal structure of DACM-WT-TTR was 

determined using BALBES (Long et al. 2008) while that of DACM-M-TTR was 

determined by MOLREP (Vagin and Teplyakov 1997) using the structure of M-TTR 

(pdb code: 1GKO) as a search model. Refinement was performed using Refmac5 and 

Phenix Refine (Adams et al. 2010; Murshudov et al. 1997). Manual model building, 

visual inspection, addition of water molecules were carried out with Coot (Emsley 

and Cowtan 2004). Images of all TTR structures were generated by CCP4mg 

(McNicholas et al. 2011). 

 

2.6 Molecular Dynamics (MD) Simulations 

M-TTR was modelled with the Amber99sb force field (Hornak et al. 2006), while 

DACM was modelled with the GAFF force field (Wang et al. 2004). Starting from 

the X-ray crystallographic structure of DACM-M-TTR, the system was solvated with 

5171 TIP3P water molecules in a volume of 1750 Å3. A MD simulation was carried 

out with Gromacs 4.5.5 for 20 ns at the temperature of 300 K, maintained by a Nosè-

Hoover thermostat. 

 

2.7 Fluorescence spectroscopy 

Fluorescence emission spectra (excitation 290 nm) were recorded using a 

PerkinElmer LS 55 spectrofluorimeter (Waltham, MA, USA) equipped with a 

thermostated cell holder attached to a Haake F8 water bath (Karlsruhe, Germany). 

For typical FRET measurements protein samples were diluted to a concentration of 

3 µM in 0.5 ml, in 20 mM sodium phosphate buffer, 0.0-7.8 M urea, pH 7.4, 25 °C, 

unless stated otherwise. A 4 x 10 mm quartz cuvette was used.  For FRET 

measurements during TTR aggregation protein samples were diluted to a 
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concentration of 1, 3, 7, 14, 28 µM in 0.7 ml under the conditions reported in the 

“Turbidimetry” section (section 2.10). A 2 x 10 mm quartz cuvette was used. 

FRET of TTRs during aggregation of Aβ40 was monitored by collecting 

fluorescence emission spectra of the sample fractions taken during the incubation of 

Aβ40 with TTRs at molar ratio 1:3 (TTR: Aβ40). TTRs (monomer) and Aβ40 

concentrations were 3 and 9 µM, respectively, in 20 mM sodium phosphate buffer, 

pH 7.4, 25 °C. A 2 x 10 mm quartz cuvette was used.  

Aβ42-derived diffusible ligands (ADDLs) solutions were prepared by incubating 

Aβ42 for 24 hr using Lambert and coworkers’ protocol (Lambert et al. 1998). The 

time dependent changes of FRET of TTRs interacting with ADDLs was determined 

by collecting fluorescence emission spectra of TTRs at o, 20, 40 and 60 min in the 

presence and absence of ADDLs. A 2 x 10 mm quartz cuvette was used. 

 

2.8 Equilibrium urea unfolding 

28-34 samples of TTRs were prepared containing 3 µM protein in 20 mM phosphate 

buffer, pH 7.4, with urea concentrations ranging from 0 to 7.8 M and were incubated 

for 1 hr at 25 °C. Fluorescence spectra were acquired at 25 °C from 300 to 550 nm 

(excitation 290 nm) using the spectrofluorimeter, water bath and cuvette described 

above. Plots of fluorescence at a given wavelength (either 348 nm or 462 nm) versus 

urea concentration were analyzed with the two-state unfolding model provided by 

Santoro and Bolen (Jiang et al. 2001b; Santoro and Bolen 1988) to obtain quantitative 

measurements of the free energy change upon denaturation in the absence of 

denaturant (∆𝐺#$%
&'(), the dependence of the free energy change upon denaturation on 

urea concentration (m value) and the concentration of middle denaturation (Cm). 

 

2.9 Stopped-Flow measurements 

Unfolding and refolding reactions of TTRs were followed using a Bio-Logic (Claix, 

France) SFM-3 stopped-flow device equipped with an FC-08 cuvette, coupled to a 

fluorescence detection system and thermostated with a Haake F8 water bath 

(Karlsruhe, Germany). Excitation wavelength was 290 nm. Band-pass filters cutting 

emission below 385 nm and 320 nm were used to monitor DACM and tryptophan 

fluorescence, respectively. All the experiments were performed in 20 mM phosphate 

buffer at pH 7.4 and 25 °C, at final protein concentrations of 1.5−2.9 µM. For the 
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unfolding experiments, native proteins in 0.5 M urea were diluted into solutions 

containing urea at final concentrations ranging from 3.0 to 6.5 M. Refolding reactions 

were initiated by 10- to 20-fold dilutions of the protein denatured with 5 M urea into 

solutions containing low urea at final concentrations ranging from 0.25 to 3.5 M. The 

dead time was generally 10.4 ms. Folding/unfolding kinetic traces were analysed as 

previously described (Conti et al. 2014). In another set of experiments, the 

equilibrium signal measured at the end of unfolding kinetics was plotted versus urea 

concentration to linearly extrapolate the fluorescence of the labelled or unlabelled 

unfolded protein under native conditions (0.5 M and 2.1 M urea).  

 

2.10 Turbidimetry 

15 µM M-TTR and 15 µM DACM-M-TTR were incubated in 20 mM acetate buffer, 

pH 4.4, 37 °C, in the presence of 0, 30, 60, 90 or 137 mM NaCl. 15 µM W79F-M-

TTR and 15 µM DACM-W79F-M-TTR were incubated in 20 mM acetate buffer, pH 

5.6, 37 °C, in the presence of 0, 30, 60, 90 or 137 mM NaCl. The time dependent 

development of turbidity at 450 nm was followed at 37 °C using a Jasco V-630 

spectrophotometer (Tokyo, Japan), thermostated within ± 0.1 °C by a Haake F8 water 

bath (Karlsruhe, Germany) and using a 10 mm path length cell. All turbidity values 

were blank subtracted. 

 

2.11 Far-UV CD spectroscopy 

Far-UV CD spectra of samples of containing 16 µM M-TTR, W41F M-TTR and 

W79F M-TTR in 20 mM sodium phosphate buffer, pH 7.4, 25 °C were collected 

from 185 to 250 nm using a J-810 Spectropolarimeter from Jasco (Tokyo, Japan) 

equipped with a thermostated cell holder attached to a Thermo Haake C25P water 

bath (Karlsruhe, Germany). All spectra were blank subtracted and converted to mean 

residue ellipticity per residue [Θ]. A 0.1 cm path length cuvette (Hellma, Müllheim, 

Germany) was used. 

Additionally, the far-UV CD spectra of WT-TTR, M-TTR and W79F-M-TTR in 

the absence and presence of Aβ40 following a co-incubation of 30 min were compared 

in 20 mM sodium phosphate buffer, pH 7.4, 25 °C using the same instrument and 

cell. Total protein concentrations of 0.1 mg/ml were used when recording the CD 
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spectra of either individual proteins or protein mixtures (TTR- Aβ40). In the case of 

protein mixtures, mean residue ellipticity values [Θ] were calculated as:  

 

[Θ]mix = Θ / [(c1n1)/m1) + (c2n2 /m2)]                                     (1)  

 

 where l is the path length and has a value of 0.1 cm, n1 and n2 are the numbers 

of residues of TTR and Aβ40, respectively, m1 and m2  are the molecular masses in 

daltons of TTR and Aβ40, respectively, c1 and c2 are the protein concentrations of 

TTR and Aβ40, respectively, expressed in mg/ml for each of the two proteins in the 

mixture. The theoretical average ellipticity values per residue ([Θ]avg), assuming that 

neither unstructured-to structured transitions nor secondary structure rearrangements 

occur, were calculated as follows: 

 

 [Θ]avg= ([Θ]1n1 + [Θ]2n2R)/(n1+n2R)                                       (2) 

 

where [Θ]1 and [Θ]2 correspond to the measured mean residue ellipticity values, 

n1 and n2 to the number of residues of TTR and Aβ40, respectively, and R to the excess 

molar ratio of protein.  

 

2.12 ThT Fluorescence  

The obtained Aβ40 sample was diluted with 20 mM phosphate buffer, 150 mM NaCl 

at pH 7.4, 25 °C to the desired peptide concentration ranging from 5 µM to 20 µM 

and supplemented with a small volume of 1 mM Thioflavin T (ThT) solution to a 

final ThT concentration of 20 µM. In another set of experiments, the obtained Aβ40 

sample and one TTR sample (either WT-TTR, M-TTR or W79F M-TTR) were 

diluted to a final Ab40 concentration of 10 µM and to various protein concentrations, 

ranging from 0.0001 µM to 10 µM, in 20 mM phosphate buffer, 150 mM NaCl, pH 

7.4, 25 °C and supplemented with a small volume of 1 mM Thioflavin T (ThT) 

solution to a final ThT concentration of 20 µM. All samples were prepared in low 

binding eppendorf tubes on ice using careful pipetting to avoid introduction of air 

bubbles. Each sample was then pipetted into multiple wells of a 96-well half-area, 

low-binding, clear bottom and PEG coating plate (Corning 3881), 80 mL per well. 

ThT fluorescence was measured using plate reader (Fluostar Omega, Fluostar 

Optima, or Fluostar Galaxy; BMG Labtech). 
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2.13 AFM imaging 

Aβ40 samples were removed from the aggregation reaction and were directly 

deposited onto freshly cleaved mica surfaces and allowed to dry for 30 min. Samples 

were then washed with Milli-Q water and then dried with nitrogen. AFM images were 

acquired using a VEECO Dimension 3100 atomic force microscope (Bruker, USA) 

and a JPK Nanowizard software. The instrument was operated in tapping mode in air 

using n-type silicon cantilevers with resonant frequencies between 65 and 130 kHz. 

 

2.14 Seeding experiments 

For the seeded experiments, preformed fibrils were prepared prior to the experiment, 

just as above incubating 20 µM Aβ40 samples in 20 mM sodium phosphate buffer, 

pH 7.4 with 150 mM NaCl and 20 µM ThT. The ThT fluorescence was monitored to 

verify the formation of fibrils. Samples were then collected from the wells into low-

binding tubes. Under the considered conditions, the monomer concentration is 

negligible at equilibrium. The final concentration of fibrils, in monomer equivalents, 

was considered equal to the initial concentration of monomer. Fibrils were then added 

to freshly prepared Aβ40 monomer samples in order to reach either 5% or 35% final 

concentration of seeds. Each sample was then pipetted into multiple wells of a 96-

well half-area, low-binding, clear bottom and PEG coating plate (Corning 3881), 80 

mL per well and incubated under the same conditions described above. 

 

2.15 Cell cultures 

Human SH-SY5Y neuroblastoma cells (ATCC Microbiology, Manassas, VA) were 

cultured in DMEM, F-12 Ham with 25 mM HEPES and NaHCO3 (1:1) and 

supplemented with 10% FBS, 1.0 mM glutamine and antibiotics. Cell cultures were 

maintained in a 5.0% CO2 humidified atmosphere at 37 °C and grown until they 

reached 80% confluence for a maximum of 20 passages. 

 

2.16 MTT reduction assay 

The effect of protein oligomers on cell viability was assessed using SH-SY5Y cells 

in 96-well plates, and using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bro-mide (MTT) assay as described (Pensalfini et al. 2011). Preformed oligomers of 
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M-TTR preincubated for different length of time and at different concentrations of 

NaCl from 0 to 137 mM were incubated, and their toxicity tested. 

 

2.17 Statistical analysis 

Light scattering data was expressed as mean ± standard error of the mean (SEM). 

Data of MTT reduction were expressed as mean ± standard deviation (SD) or standard 

error of the mean (SEM). Comparisons between different groups were performed 

using ANOVA followed by Bonferroni's post-comparison test. A p-value lower than 

0.05 was considered statistically significant. 
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3.1 Study of the conformational changes of TTRs using 
FRET  

	

3.1.1 Purification and Labeling of M-TTR 

I first purified M-TTR and labelled it with N-(7-Dimethylamino-4-Methylcoumarin-

3-yl)Maleimide (DACM), as described in the Methods section. The samples 

containing the purified unlabelled and labelled proteins were analysed with MALDI 

mass spectrometry (Figure 3.1). A single peak at 13895±10 and 14193±10 Da were 

detected for unlabelled and labelled M-TTR respectively, in agreement with the 

expected molecular weights of the two protein samples, i.e. 13894.7 Da and 14193.0, 

respectively. In the mass spectrum of DACM-M-TTR I could not detect peaks 

corresponding to the molecular weights of M-TTR with double or triple DACM 

labelling, excluding the presence of M-TTR labelled with two or more DACM 

moieties. I could not detect any peak corresponding to unlabelled M-TTR, indicating 

that no detectable unlabelled protein remained at the end of the labeling reaction. 
 

 

Figure	 3.1.	M-TTR	 purification	 and	 Labelling.	 (A)	 SDS-PAGE	 of	M-TTR	 after	 purification.	 An	 aliquot	 of	 the	
protein	after	purification	(40	µg,	left)	and	following	a	4-fold	dilution	(10	µg,	right)	were	loaded.	(B)	MALDI	
mass	spectrometry	analysis	of	M-TTR	(blue)	and	DACM-M-TTR	(black).	The	expected	molecular	weights	for	
human	M-TTR	and	DACM-M-TTR	are	13894.7	and	14193.0,	respectively.	

 

As an evidence that unlabelled and labelled M-TTR are monomeric, I 

assessed the size distributions of M-TTR, DACM-M-TTR and wild-type tetrameric 

B 	A 
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TTR (WT-TTR) by means of dynamic light scattering (DLS) at pH 7.4, 25 °C (Figure 

3.2). An apparent hydrodynamic diameter of 4.20±0.11 nm was observed for M-TTR, 

which is consistent with the hydrodynamic diameter of monomeric folded M-TTR, 

as reported previously (Conti et al. 2014; Jiang et al. 2001b; Pires et al. 2012). An 

apparent hydrodynamic diameter of 5.03±0.10 nm was observed for DACM-M-TTR. 

This diameter is higher than that of unlabelled M-TTR, possibly due to the presence 

of the covalently attached and solvent exposed DACM moiety. A diameter of 

5.03±0.10 nm is, however, significantly lower than that measured for wild-type 

tetrameric TTR (6.17±0.02 nm) and of that expected for labelled dimeric M-TTR (> 

5.23 nm) and labelled tetrameric M-TTR (> 6.66 nm). Overall, the DLS results 

indicate that both M-TTR and DACM-M-TTR are monomeric. 

Next, in order to gauge the labelling degree of DACM-M-TTR, I acquired 

optical absorption spectra of DACM-M-TTR and of DACM covalently attached to 

glutathione (DACM-GSH) at pH 7.4, 25 °C and at the same probe concentration 

(Figure 3.2B). The concentration of DACM bound to M-TTR was determined by 

measuring the optical absorption at 381 nm (A381), using a molar extinction 

coefficient (e381) of 27,000 cm-1 M-1 (Figure 1C, blue spectrum). Protein optical 

absorption in the DACM-M-TTR sample was then reconstructed by subtracting the 

spectrum of DACM-GSH (Figure 1C, green spectrum) from that of DACM-M-TTR 

sample (Figure 1C, blue spectrum). In the resulting difference spectrum (Figure 1C, 

red spectrum), protein concentration was measured at 280 nm (A280), using a molar 

extinction coefficient (e280) of 18,450 cm-1 M-1 (an e280 value of 12,950 cm-1 M-1 was 

used for the W79F mutant described below). Labelling degree d was then calculated 

using: 

 

𝑑(%) = 100 · (𝐴234 ⁄ 𝜀234) ⁄ (𝐴738 ⁄ 𝜀738)		                                                                       (1) 

 

The spectroscopic investigation described below was carried out with samples having 

d ≥ 95%. 
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Figure	 3.2.	 Size	 distributions	 and	 optical	 absorption	 spectra	 of	 labeled	 and	 unlabeled	 M-TTR,	 	 (A)	 Size	
distributions	of	M-TTR,	DACM-M-TTR	and	WT-TTR	samples	obtained	with	DLS	at	pH	7.4,	25	°C.	 (B)	Optical	
absorption	spectra	of	DACM-M-TTR	(blue)	and	DACM-GSH	(green)	at	pH	7.4,	25	°C	and	at	the	same	probe	
concentration.	The	difference	 spectrum	obtained	by	 subtracting	 the	 latter	 from	 the	 former	 is	 also	 shown	
(red).	

 

The fluorescence spectrum of M-TTR at pH 7.4, 25 °C (excitation at 290 nm) 

is dominated by a major large band at 330-350 nm (Figure 3.3A, red spectrum), 

resulting largely from Trp41 as the fluorescence of Trp79 is largely quenched (Lai et 

al. 1996). The fluorescence spectrum of an equimolar quantity of DACM-GSH, 

acquired under the same conditions (excitation at 290 nm), is very low in intensity 

and negligible (Figure 3.3B, green spectrum). By contrast, the fluorescence spectrum 

of an equimolar quantity of DACM-M-TTR under the same conditions (excitation at 

290 nm) is characterized by a significant decrease of tryptophan fluorescence 

intensity, relative to the spectrum of M-TTR, and a substantial enhancement of the 

DACM emission intensity, relative to the spectrum of DACM-GSH, indicating that 

FRET is occurring. FRET is largely due to the energy transfer from Trp41 to DACM, 

both because the fluorescence of Trp79 is quenched and because Trp79 is more 

distant from DACM compared to Trp41. Importantly, the fluorescence intensity of 

the tryptophan band is not completely cancelled, leading to a FRET efficiency value 

(E) intermediate between 0 (no FRET) and 1 (full FRET), making it possible to 

monitor changes of the distance between donor (Trp41) and acceptor (DACM) by 

FRET measurements. The FRET process occurs whenever the fluorescence emission 

spectrum of a fluorophore, called the donor, overlaps with the optical absorption 

	A B 
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spectrum of another molecule, called the acceptor (Lakowicz 2006). Such an overlap 

between the fluorescence emission spectrum of tryptophan and the optical absorption 

spectrum of DACM is illustrated in Figure 3.3B. 

Overall, these data indicate that DACM-M-TTR is monomeric, singly 

labelled with an efficiency close to 100% and with donor/acceptor distance ideal for 

FRET measurements. 

 

Figure	3.3.	Fluorescence	spectra	and	FRET	phenomenon	of	M-TTR.	(A)	Fluorescence	spectra	of	M-TTR	(red),	
DACM-M-TTR	 (blue)	 and	 DACM-GSH	 (green)	 at	 pH	 7.4,	 25	 °C	 (excitation	 290	 nm).	 (B)	 The	 fluorescence	
emission	spectrum	of	a	fluorophore	(red),	called	the	donor,	overlaps	with	the	optical	absorption	spectrum	of	
another	molecule,	called	the	acceptor	(blue).		

	

3.1.2 X-Ray crystal structures of DACM-M-TTR and DACM-WT-

TTR 

In order to determine if DACM labeling on Cys10 affects M-TTR structure, the X-

ray crystal structures of DACM-WT-TTR and DACM-M-TTR were determined at 

high resolution by our collaborates, Stefano Ricagno and Benedetta Maria Sala at the 

university of Milan, and compared with that of WT-TTR and M-TTR previously 

deposited in the Protein Data Bank. Data collection and refinement statistics are 

reported in Table 3.1. In both structures, from Cys10 to Asn124 all polypeptide chains 

are well traceable into the electron density map and, in the case of DACM-M-TTR, 

the F87M/L110M mutations are clearly detectable (Figure 3.4). As observed in most 

of the previous TTR structures, the first nine residues are flexible and not present in 

the electron density. In both DACM-WT-TTR and DACM-M-TTR, the presence of 

some extra density around Cys10 suggests the presence of DACM. The quality of 

such density is too poor to allow the building of DACM in the model, suggesting a 

high degree of conformational flexibility of the DACM moiety (Figure 3.5).  

	A B 
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Table	3.1.	Data	collection	and	refinement	statistics	for	DACM-WT-TTR	and	DACM-M-TTR	

Crystala DACM-WT-TTR DACM-M-TTR 

Space group P 21221 P 212121 

Unit cell constants (Å) a = 43.68, b = 64.49, c = 85.27 

a, b, g = 90°C	

a = 64.44, b = 83.76, c = 86.53 

a, b, g = 90°C 

Resolution (Å) 22.35 – 1.42 (1.50 – 1.42) 22.04 – 1.70 (1.79 – 1.70) 

Rmerge (%)b 9.7 (73.0) 11.1 (77.2) 

I/sI 8.1 (2.1) 8.1 (1.9) 

Completeness (%) 99.1 (99.2) 99.5 (99.8) 

Multiplicity 5.0 (5.0) 4.1 (4.3) 

Molecules per 

asymmetric unit 

2 4 

Refinement   

   Rwork (%)c 16.0 15.0 

   Rfree (%) 21.7 22.3 

Ramachandran plot, n 

(residues) 

  

   Most favoured region 200 421 

   Allowed region 3 8 

   Outliers 0 2 

RMSDd 0.31Å 114/114 Ca  0.60Å 115/115 Ca  

 

 
a Values given in parenthesis refer to the high-resolution shell. 
b 

Rmerge = Σhkl ΣjIhkl,j - <Ihkl>/ΣhklΣjIhkl,j where I is the observed intensity and <I> is the average intensity.  
c 
Rwork = ΣhklFo - Fc/ΣhklFo for all data except 5–10%, which were used for the Rfree calculation.  

d RMSD values calculated from the structural superposition of the DACM-WT-TTR and DACM-M-TTR 
structures with the non-labeled WT-TTR (pdb code: 1BMZ) and M-TTR (pdb code: 1GKO). 
 

 
	

	

	

	

	

	

	

A B 



	 53 

Figure	3.4.	Zoomed-view	of	the	mutated	amino	acids	Met87	and	Met110	of	DACM-M-TTR	structure.	

 

 
Figure	3.5.	Zoomed-view	of	the	region	around	the	labelled	Cys10	residue.	(a)	Cys10	of	chain	A	and	B	of	DACM-
wt-TTR	structure.	(b)	Cys10	of	chain	A	and	B	of	DACM-M-TTR	structure.	

 
 

DACM-WT-TTR and DACM-M-TTR crystallised in P21221 and P212121 

space group, respectively: DACM-WT-TTR has two molecules in the asymmetric 

unit (AU), whereas the AU of the DACM-M-TTR structure contains four molecules, 

as already observed in the M-TTR structure (Jiang et al. 2001b). Superimposition of 

the DACM-labelled variants with the corresponding non-labeled variants shows that 

the structures of the DACM-WT-TTR and DACM-M-TTR are perfectly 

superimposable onto those of WT-TTR and M-TTR, respectively, indicating that 

DACM labeling does not interfere with the TTR native fold (Figure 3.6 A, B and 

Table 3.1). 

 

A 

B 
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Figure	3.6.	X-ray	crystal	structures	of	DACM-M-TTR	and	DACM-WT-TTR.	(A)	Superposition	of	the	structures	of	
DACM-M-TTR	 (blue),	 DACM-WT-TTR	 (magenta)	 and	 WT-TTR	 (yellow,	 pdb	 code:	 1BMZ).	 (B)	 Tetrameric	
structure	 of	 DACM-M-TTR.	 The	 residues	Met87	 and	Met110,	 that	 destabilize	 the	 tetrameric	 structure	 in	
solution,	are	shown	as	sticks.	(C)	MD	simulations	of	DACM-M-TTR:	Trp41,	Trp79	and	the	three	most	populated	
conformations	of	Cys10-DACM	are	shown	as	sticks.	 (D)	Distributions	of	 the	spatial	distances	between	the	
centers	 of	 mass	 of	 Trp41	 and	 DACM	 (black)	 and	 those	 of	 Trp79	 and	 DACM	 (red),	 calculated	 using	 MD	
simulations	starting	from	the	crystal	structure	of	DACM-M-TTR.	The	dashed	lines	indicate	the	spatial	distances	
assuming	a	single	average	conformer	for	the	DACM	moiety.	 

 

As mentioned above, DACM was not traceable in the electron density, due to 

its high mobility. Thus, MD simulations of the solvated DACM-M-TTR were 

performed, as described in the Materials and Methods, to provide the correct 

distribution of the DACM conformers, weighted according to Boltzmann statistics. 

The DACM moiety was not found to be randomly distributed in space during the 

simulation, but it has certain conformations more populated than others (Figure 
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3.6C). The mean Trp41-DACM and Trp79-DACM spatial distances, calculated over 

the centers of mass, were found to be 23.16 Å and 26.17 Å, respectively (Figure 

3.6D). 

 

3.1.3 Determination of FRET efficiency for various conformational 

states 

3.1.3.1 FRET efficiency of native M-TTR and Förster distance of 
the Trp/DACM pair 
I first determined the FRET efficiency of DACM-M-TTR under conditions in which 

the protein is folded, at pH 7.4, 25 °C. To this aim I mixed different volumes of 

samples containing M-TTR and DACM-M-TTR, each at the same concentration of 

3 µM, to achieve different percentages of labelled M-TTR, from 0 to 100%. 

Fluorescence emission spectra were obtained for all the resulting samples using an 

excitation wavelength of 290 nm (Figure 3.7A). The emission spectrum of unlabeled 

M-TTR (0% DACM-M-TTR) showed an intense peak at 330-350 nm, resulting from 

tryptophan fluorescence emission, and no emission at 465 nm due to the absence of 

the DACM moiety (Figure 3.7A, red spectrum). By contrast, the emission spectrum 

of labeled M-TTR (100% DACM-M-TTR) shows a low intensity peak at 330-350 

nm and an intense peak at 465 nm, due to the energy transfer from the excited 

tryptophan residues to the DACM group, which fluoresces at 465 nm (Figure 3.7A, 

blue spectrum). The samples presenting intermediate degrees of labelling have an 

intermediate behaviour, with the donor and acceptor peaks decreasing and increasing 

in intensity with labelling degree, respectively (Figure 3.7A, red to blue spectra). 

 The FRET efficiency can be calculated using (Lakowicz 2006): 

 

𝐸 = 1 − (<=
(<

         (2) 

 

where E is the FRET efficiency, FDA and FD are the fluorescence emission values 

of the donor in the presence and absence of acceptor, respectively, i.e. the tryptophan 

emission values at 348 nm measured for the samples containing 100% and 0% 

DACM-M-TTR, respectively. This led to E = 0.70±0.02. In order to achieve more 

accurate measurements of FDA, FD and E I plotted the tryptophan fluorescence 

emission at 348 nm versus the percentage of DACM-M-TTR and analyzed the 
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resulting plot with a procedure of best fitting using a linear equation (Figure 3.7B). 

This provided more accurate values of FDA and FD and a value of E = 0.72±0.02. 

 
Figure	3.7.	FRET	of	native	M-TTR.	 (A)	Fluorescence	spectra	of	mixtures	of	M-TTR	and	DACM-M-TTR	at	 the	
indicated	 percentages	 of	 the	 latter,	 at	 3	 µM	 total	 protein	 concentration,	 pH	 7.4,	 25	 °C.	 (B)	 Tryptophan	
fluorescence	emission	at	348	nm	versus	the	percentage	of	DACM-M-TTR.	The	straight	line	represents	the	best	
fit	of	the	data	points	to	a	linear	function.	(C)	Fluorescence	spectra	of	M-TTR	(dashed	lines)	and	DACM-M-TTR	
(continuous	lines)	at	various	protein	concentrations	ranging	from	1	to	10	µM,	pH	7.4,	25	°C	(excitation	290	
nm).	(D)	Plot	of	E	versus	M-TTR	concentration.	The	straight	line	represents	the	average	value.		

 
I then measured the fluorescence spectra of M-TTR and DACM-M-TTR at 

various protein concentrations ranging from 1 to 10 µM (Figure 3.7C) and measured 

the E values at each of these concentrations (Figure 3.7D). E was found to be 

independent of protein concentration, indicating that M-TTR and DACM-M-TTR 

remain largely monomeric under this range of protein concentration. In addition, the 

value of E remains lower than that measured for tetrameric DACM-WT-TTR (data 
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not shown), corroborating the absence of protein tetramerisation under the conditions 

studied here. 

In order to determine the distance between Trp41 (donor) and DACM 

(acceptor) in the folded monomer using the E value, we first determined 

experimentally the Förster distance using: 

 

𝑅8? = 8.79×10'E	 𝜅7	𝑛'H	𝑄J	𝐽 𝜆       (3) 

 

where R0 is the Förster distance (in Å), κ² is the orientation factor describing the 

relative orientation of the transition dipole moments of the donor and the acceptor, n 

is the refractive index of the aqueous solution, QD is the quantum yield of an isolated 

donor, and J( l) is the integral expressing the degree of spectral overlap between 

donor emission and acceptor absorption (units of nm4 M-1 cm-1) (Lakowicz 2006; 

Nazarov et al. 2006). A k2 value of 0.87 was used as a good approximation of a donor-

acceptor orientation factor of a folded protein (Visser et al. 2008), whereas n, QD and 

J( l) were determined experimentally (Table 2). This allowed the R0 parameter to be 

determined for folded M-TTR as 24.9±1.4 Å (Table 2). We then used these R0 and E 

values determined experimentally for folded M-TTR to determine the donor-acceptor 

distance (R) using the equation (Lakowicz 2006): 

 

𝑅? = 𝑅8?	(1/𝐸 − 1)        (4) 

 

where R is the distance between the centers of mass of Trp41 and DACM (in Å). This 

led to a value of R of 21.3±1.6 Å, in good agreement with that determined from X-

ray crystallography (R = 23.2±2.0 Å). All such values are reported in Table 3.2. 
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Table 3.2. FRET parameters of M-TTR a 

Conformational 

state 

R (Å) E R0 (Å) QD n J(λ) (nm4 M-1 

cm-1) 

κ² 

Native 21.3 

(±1.6) 

0.72 

(±0.02) 

24.9 

(±1.4) 

0.050 

(±0.008) 

1.332 

(±0.001) 
1.96 1014 

(±0.20 1014) 

0.87 

(±0.2) 

Unfolded 30.8 

(±1.7) 

0.29 

(±0.01) 

26.5 

(±1.4) 

0.070 

(±0.004) 

1.384 

(±0.002) 

3.09 1014 

(±0.15 1014) 

0.67 

(±0.2) 

Equilibrium 
Partially-
Folded  

24.0 

(±1.6) 

0.63 

(±0.02) 

26.2 

(±1.3) 
0.054 

(±0.003) 

1.358 

(±0.001) 
2.66 1014 

(±0.13 1014) 

0.87 

(±0.2) 

Amyloidogenic 
Partially-
Folded 

21.1 

(±1.2) 

0.73 

(±0.02) 

24.9 

(±1.4) 
0.049 

(±0.003) 

1.332 

(±0.001) 
2.03 1014 

(±0.10 1014) 

0.87 

(±0.2) 

a E values were determined experimentally from the fluorescence spectra of DACM-M-TTR and 
M-TTR, respectively. QD was determined experimentally using free tryptophan as a reference. n 
was determined experimentally using a 2WAJ ABBE bench refractometer from Optika 
Microscopes (Bergamo, Italy). J( l) was determined experimentally as the integral expressing the 
degree of spectral overlap between donor emission and acceptor absorption. κ² was assumed to be 
0.87±0.2 for folded proteins and 2/3 (0.67±0.2) for unfolded proteins. R0 values were determined 
using equation 3. R values were determined from E and R0 values using equation 4. 

 

3.1.3.2 FRET efficiency of urea-induced unfolded and molten 
globule states of M-TTR  
Next, I acquired fluorescence spectra of M-TTR and DACM-M-TTR (excitation 290 

nm) at urea concentrations ranging from 0 to 7 M at pH 7.4, 25 °C (Figure 3.8A,B). 

The corresponding urea denaturation curves (spectroscopic signal versus urea 

concentration at equilibrium) were obtained using tryptophan fluorescence at 362 nm 

as a spectroscopic probe for both the labelled and unlabeled proteins (Figure 3.8C). 

The analysis yielded values of conformational stability in the absence of denaturant 

(∆𝐺#$%
&'( ) of 20.4±1.5 and 11.1±1.5 kJ mol−1, dependencies of ∆𝐺#$%

&'(	 on urea 

concentration (m value) of 6.9±0.5 and 4.3 ±0.5 kJ mol−1 M−1 and midpoint of 

denaturation (Cm) of 3.0±0.1 and 2.6±0.1 M for M-TTR and DACM-M-TTR, 

respectively. The values obtained for M-TTR are in reasonable agreement with those 

obtained previously conducted under slightly different conditions (Conti et al. 2014). 

The urea denaturation curve of DACM-M-TTR was also obtained using DACM 

fluorescence at 462 nm as a spectroscopic probe (Figure 3.8D). This led to values of 
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12.4 ±1.3 kJ mol−1, 4.9±0.4 kJ mol−1 M−1 and 2.5±0.1 M for ∆𝐺#$%
&'( , m and Cm, 

respectively, in agreement with those obtained using tryptophan fluorescence as a 

spectroscopic probe. This analysis indicates that the conformational stability of 

DACM-M-TTR is significantly lower than that of M-TTR, indicating that the 

labeling has an effect on protein conformational stability, as it is often observed for 

mutations.  

In principle one can obtain a urea denaturation curve by plotting the FRET 

efficiency (E) versus urea concentration. However, such a curve suffers from 

different conformational stabilities of labelled and unlabelled M-TTR which makes 

it difficult to compare fluorescence spectra for the two proteins at the same urea 

concentration and determine E at each urea concentration. In spite of these 

difficulties, it is possible to determine the E values at low (< 1.2 M) and high (> 4.8 

M) urea concentrations when the major conformational transition has not yet and has 

completely occurred, respectively, for both labelled and unlabeled proteins. The 

FRET E values at 5.0 and 6.0 M urea, when DACM-M-TTR is unfolded, are 

remarkably lower than those determined at 0.0 and 1.0 M urea, indicating a 

significantly higher distance between the DACM moiety attached to Cys10 and the 

two tryptophan residues (Figure 3.8E). The DACM fluorescence at 462 nm also 

decreases from 0.0-1.0 M to 5.0-6.0 M urea (Figure 3.8D), confirming that the spatial 

distance between DACM and the two tryptophan residues increases upon unfolding 

and gives us the opportunity to observe the movement of DACM from tryptophan in 

the transition area which the FRET E could not be calculated.  

Importantly, the FRET E value at 1.0 M urea is similar, within experimental 

error, to that determined at 0.0 M urea (Figure 3.8E). The DACM fluorescence also 

does not change significantly (Figure 3.8D). This indicates that the equilibrium 

molten globule state previously detected at low urea concentrations and having a 

transition at 0.0-2.4 M urea (Conti et al. 2014) has an unmodified distance between 

the DACM moiety and Trp41. 
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Figure	3.8.	FRET	of	urea-unfolded	and	molten	globule	states	of	M-TTR.	(A,B)	Fluorescence	spectra	of	M-TTR	
(A)	and	DACM-M-TTR	(B)	at	urea	concentrations	ranging	from	0	to	7	M	at	pH	7.4,	25	°C	(excitation	290	nm).	
(C)	Urea	denaturation	curves	(spectroscopic	signal	versus	urea	concentration)	using	tryptophan	fluorescence	
at	362	nm	as	a	spectroscopic	probe	for	both	M-TTR	and	DACM-M-TTR.	(D)	Urea	denaturation	curve	of	DACM-
M-TTR,	using	DACM	fluorescence	at	462	nm	as	a	spectroscopic	probe.	 (E)	FRET	efficiency	(E)	values	at	the	
indicated	urea	concentrations,	pH	7.4,	25	°C.	
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3.1.3.3 FRET efficiency of the transiently populated partially folded 
state of M-TTR 
I monitored the folding and unfolding processes of M-TTR and DACM-M-TTR in 

real time by diluting the urea-unfolded proteins into solutions containing low urea 

concentrations (folding) and by diluting the folded protein into solutions containing 

high urea concentrations (unfolding) using a stopped-flow device coupled to a 

fluorescence detection system (Figure 3.9A,B). The analysis of the resulting kinetic 

traces of folding and unfolding with a procedure of best fit using exponential 

functions allowed the rate constants for the major folding/unfolding transition (k) to 

be determined at the various urea concentrations (see Materials and methods for 

further details). These values were used to build the plot of ln(k) versus urea 

concentration, generally referred to as Chevron plot, for both the labelled and 

unlabelled proteins (Figure 3.9C). The Cm values obtained from the analysis of these 

plots, calculated as the urea concentration at which extrapolated refolding and 

unfolding rate constants are equal (3.2±0.2 M and 2.2±0.2 M for M-TTR and DACM-

M-TTR, respectively), were in good agreement with those determined from 

equilibrium experiments (3.0±0.1 M and 2.5±0.1 M, respectively). The downward 

curvature in the folding branch of the M-TTR plot results from a rapidly formed, off-

pathway, partially folded species that forms rapidly and accumulates during the 

folding process (Conti et al. 2014). Such a curvature was also observed for DACM-

M-TTR (Figure 3.9C). The extrapolated unfolding rate constants in the absence of 

denaturant were 1.82±0.18 s−1 (Conti et al. 2014) and 6.73±0.70 s−1 for M-TTR and 

DACM-M-TTR, respectively. Given the conformational stabilities obtained by 

equilibrium experiments, the folding rate constants under the same conditions would 

be ~7100 s−1 (Conti et al. 2014) and ~890 s−1, respectively, on the assumption they 

were two-state folders. By contrast, the refolding rate constants extrapolated by 

experimental data were orders of magnitude lower than the calculated values, i.e. 

81±8 s−1 (Conti et al. 2014) and 53±5 s−1 for M-TTR and DACM-M-TTR, 

respectively. This corroborates the hypothesis that a partially folded species 

accumulates for both M-TTR and DACM-M-TTR. 

To determine the FRET efficiency of such a partially folded state, I inspected 

the kinetic trace for folding in the presence of 0.5 M urea, using a band-pass filter 

that cuts the signal below 385 nm to monitor the fluorescence of the DACM moiety 

and exclude that of the tryptophan indole groups (Figure 3.9D). Such a kinetic trace 

involved a decrease in DACM fluorescence, complete in ∼50 ms in 0.5 M urea, as 
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DACM-M-TTR underwent refolding (Figure 3.9D). The signal of the unfolded 

protein extrapolated down to 0.5 M urea by linear extrapolation from measurements 

at high urea concentrations, where the protein is 100% unfolded, was remarkably 

lower (Figure 3.9D). This analysis revealed that the transient partially folded state of 

M-TTR has a FRET efficiency higher not just than the unfolded state, but also than 

the fully folded state. As a control, the kinetic trace for folding in the presence of 2.1 

M urea, where the partially folded state cannot be detected, did not show such a burst-

phase increase of DACM fluorescence (data not shown). 

 
Figure	3.9.	FRET	during	M-TTR	refolding.	(A,B)	Refolding	time	course	of	M-TTR	(red	●)	and	DACM-M-TTR	(blue	
○)	monitored	by	tryptophan	fluorescence	(excitation	290	nm,	emission	320-385	nm)	in	0.5	M	urea	at	pH	7.4,	
25	°C.	(C)	Natural	logarithm	of	the	observed	folding/unfolding	microscopic	rate	constants	for	DACM-M-TTR	
(blue	○)	compared	to	data	previously	published	for	M-TTR	(red	●)	(Conti	et	al.	2014),	plotted	as	a	function	of	
urea	 concentration	 (chevron	 plot),	 at	 pH	 7.4,	 25	 °C.	 (D)	 Refolding	 time	 course	 of	 DACM-M-TTR	 (blue	 ○)	
monitored	by	DACM	fluorescence	(excitation	290	nm,	emission	>	385	nm)	in	0.5	M	urea	at	pH	7.4,	25	°C.	

 

 

 



	 63 

3.1.3.4 FRET efficiency of the amyloidogenic and aggregated states 
of M-TTR 
The FRET analysis was also used to investigate the structure of M-TTR under 

conditions in which the protein converts into amyloid fibrils, i.e. at pH 4.4, 37 °C 

(Jiang et al. 2001b; Lai et al. 1996). In order to check that these conditions of pH and 

temperature also promoted aggregation of DACM-M-TTR and identify conditions 

suitable for slow aggregation (so that the initial monomeric DACM-M-TTR can be 

compared with the aggregated state), DACM-M-TTR aggregation was studied at a 

protein concentration of 15 µM, pH 4.4, 37 °C, under the effect of different ionic 

strengths, that is in the presence of 0, 30, 60, 90 and 137 mM NaCl. The time courses 

of turbidity at 450 nm show a gradual increase of the rate of turbidity development 

with the increase of ionic strength (Figure 3.10A). The sigmoidal pattern of the 

intermediate time courses indicates that formation of amyloid fibrils involves the 

typical three phases of the amyloid fibril formation process: an initial lag phase 

(nucleation), a subsequent growth phase (elongation) and a final saturation phase 

(plateau). At 30 mM NaCl the time length of the first phase was relatively large but 

aggregation could still be observed, so that I selected this condition of ionic strength 

to study the aggregation of the protein.  

DLS measurements confirmed that DACM-M-TTR was monomeric 

immediately after incubation at pH 4.4 (Figure 3.10B). Indeed, the size distributions 

of M-TTR and DACM-M-TTR at pH 7.4, used here as references of monomeric 

conformations, had major peaks of hydrodynamic diameters at 4.20±0.11 and 

5.03±0.10 nm, respectively, with the slightly higher increase of the latter due to the 

presence of DACM moiety (see above). The size distributions acquired immediately 

after incubation at pH 4.4 were found to have major peaks at 4.65±0.26 and 5.60±0.30 

nm, respectively (Figure 3.10B). These were both slightly higher than those of the 

corresponding proteins at pH 7.4, most likely as a consequence of the partial 

unfolding of the proteins at pH 4.4 (Lai et al. 1996), but were still lower than those 

of partially unfolded dimers or higher order oligomers.  

Hence, both M-TTR and DACM-M-TTR were incubated at 1, 3, 7, 14, 28 µM 

in 20 mM acetate buffer, 30 mM NaCl, pH 4.4, 37 °C, and fluorescence spectra were 

collected at different time points, to measure the FRET efficiency (E) values as 

aggregation proceeded (Figure 3.10C,D). The changes of the florescence intensity 

with time suggest a change in the structure of M-TTR and DACM-TTR as 

aggregation proceeds (Figures 3.10C,D). The FRET efficiency also increased with 



	 64 

the time of incubation (Figure 3.10E). Since M-TTR and DACM-M-TTR aggregate 

with different rates under the selected conditions, the FRET efficiency values are 

meaningful only immediately after incubation (time 0 s) and at the plateau of the 

aggregation process (time 3000 s) when both proteins are completely monomeric and 

aggregated, respectively. The FRET E value of the amyloidogenic state at 0 s was 

found to be 0.73±0.02, very similar to that measured for the folded proteins at pH 

7.4, 25 °C, indicating an unchanged distance between Trp41 and Cys10 upon partial 

unfolding at pH 4.4, 37 °C (Figure 3.10F). By contrast, the FRET efficiency value at 

3000 s was found to be 0.82±0.01, indicating a structural change upon aggregation at 

pH 4.4, 37 °C and suggesting that one or both tryptophan residues come into close 

proximity to Cys10 in the aggregated species, either within the same molecule or in 

adjacent molecules of M-TTR (Figure 3.10F).  

 

3.1.4 Toxicity of M-TTR aggregates 

The toxicity of the M-TTR aggregates at different time points and different salt 

conditions was assessed using human neuroblastoma SH-SY5Y cell cultures and 

evaluating cell viability using the MTT reduction inhibition assay. For this purpose, 

the various aggregates were transferred from the solutions in which they were formed 

into a different buffer condition and then added to the cell culture media before 

performing the MTT reduction assay. Twelve different types of samples were 

obtained by incubating individually M-TTR for 500, 1000, 1500 and 2000 s at 37 °C, 

pH 4.4 under the three different ionic strengths of 0, 30 and 137 mM NaCl, 

respectively, as shown in the time courses displayed in Figure 3.10A.  
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Figure	 3.10.	 FRET	 of	 the	 amyloidogenic	 and	 aggregated	 states	 of	 M-TTR.	 (A)	 Effect	 of	 different	 NaCl	
concentrations	on	the	kinetics	of	15	µM	DACM-M-TTR	aggregation	in	20	mM	sodium	phosphate	buffer,	pH	
4.4,	37	°C,	monitored	with	turbidimetry	at	450	nm.	(B)	DLS	size	distributions	of	M-TTR	and	DACM-M-TTR	at	
both	pH	7.4	and	4.4.	(c,	d)	Fluorescence	intensity	spectra	at	different	time	points	for	M-TTR	(C)	and	DACM-M-
TTR	 (D)	 in	 20	 mM	 sodium	 phosphate	 buffer,	 30	 mM	 NaCl,	 pH	 4.4,	 37	 °C.	 (E)	 FRET	 efficiency	 (E)	 during	
aggregation.	Conditions	as	in	panels	c,d.	(F)	FRET	efficiency	(E)	for	native	M-TTR	at	pH	7.4,	25	°C	(first	bar),	
amyloidogenic	monomeric	M-TTR	at	pH	4.4,	37	°C,	0	s	(second	bar)	and	aggregated	M-TTR	at	pH	4.4,	37	°C,	
3000	s	(third	bar).	
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The samples of M-TTR obtained without NaCl caused a significant decrease in 

the viability of SH-SY5Y cells (Figure 3.11A). The aggregates formed by M-TTR in 

30 mM and 137 mM NaCl, however, showed significant toxicity only at time points 

of 500 and 1000 s, which were observed to reduce slightly the cellular viability 

(Figure 3.11B,C). In control experiments, the native state of M-TTR was tested and 

found in no case to cause detectable cellular dysfunction (Figure 3.11). 

 

Figure	3.11.	Toxicity	of	the	M-TTR	aggregates.	3-(4,5-dimethylthiazol-2-	yl)-2,5-diphenyltetrazolium	bromide	
(MTT)	 reduction	 assay	 using	 SH-SY5Y	 cells	 treated	 with	 different	 aggregated	M-TTR	 samples.	 Error	 bars	
correspond	to	standard	errors	of	the	means	of	3	independent	experiments.	Single,	double,	and	triple	asterisks	
refer	to	p	<	0.05,	<0.01,	and	<0.001,	respectively,	with	respect	to	untreated	cells.		
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3.1.5 Purification and analysis of W41F and W79F mutants of M-

TTR 

Although Trp79 is quenched and more distant than Trp41 to Cys10 in the folded state, 

doubts remain in partially or fully unfolded states and in aggregated states, where 

Trp79 may not be quenched and may be placed closer to Cys10 than Trp41. I 

therefore inserted single point mutations in the gene encoding M-TTR and I purified 

and labelled two single mutants of M-TTR, replacing either Trp41 or Trp79 by a 

phenylalanine residue (W79F and W41F) and repeated the FRET experiments to 

assess the involvement of individual inter-residue distances in the overall measured 

FRET (Figure 3.12).  

 

 
Figure	3.12.	Gene	sequence	and	purification	of	mutant	proteins.	(A)	Gene	sequence	of	the	human	TTR,	mutant	
amino	acids	are	indicated	by	red	boxes.	(B)	SDS-PAGE	of	W41F	and	W79F	M-TTR	after	purification.	An	aliquot	
of	 the	W41F-M-TTR	after	 purification	 (40	µg,	 left)	 and	 an	 aliquot	 of	 the	W79F-M-TTR	 (40	µg,	 right)	were	
loaded.	

 

The W79F mutant has a far-UV circular dichroism (CD) spectrum very 

similar to that of non-mutated M-TTR in 20 mM phosphate buffer, pH 7.4, 25 °C, 

with a negative peak around 215 nm and a positive peak at 196 nm, typical of β-sheet 

structure (Figure 3.13A). By contrast, the W41F mutant is remarkably different, with 

mean residue ellipticity peaks characterized by a low intensity, that is reminiscent of 

protein aggregation (Figure 3.13A). The DLS analysis at pH 7.4, 25 °C confirmed 

that both W79F-M-TTR and DACM-W79F-M-TTR are monomeric, whereas both 

W41F-M-TTR and DACM-W41F-M-TTR are aggregated (Figure 3.13B). As a 

A B 
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further evidence that W41F M-TTR aggregates rapidly under native conditions, the 

time courses of turbidity at 15 µM protein concentration, 20 mM phosphate buffer, 

0-137 mM NaCl, pH 7.4, 37 °C indicate that W41F M-TTR is already aggregated in 

all conditions under native conditions, including at 0 mM NaCl (Figure 3.13C). The 

FRET E value measured for 15 µM W41F-M-TTR at pH 7.4, 25 °C reports on the 

aggregated state and was found to be 0.81±0.01, close to the FRET E value of 

aggregated M-TTR, which shows that Trp79 gets closer to the DACM upon 

aggregation, relative to the native state. 

 
Figure	3.13.	Structural	and	aggregation	properties	of	W41F	and	W79F	M-TTR	mutants.	(A)	Far-UV	CD	spectra	
of	the	non-mutated	and	mutant	forms	of	M-TTR	obtained	in	20	mM	phosphate	buffer,	pH	7.4,	25	°C.	(B)	Size	
distributions	 by	 DLS	 of	 unlabelled	 and	 labelled	 wild-type,	 W79F	 and	W41F	 M-TTR	 at	 pH	 7.4,	 25	 °C.	 (C)	
Aggregation	time	courses	of	W41F	M-TTR	at	pH	7.4,	37	°C	in	the	presence	of	0-137	mM	NaCl.	
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3.1.6 Comparison of the FRET efficiency values of mutant and non-

mutated M-TTR 

Since W79F M-TTR, unlike the W41F variant, appears to be soluble and monomeric 

at pH 7.4, 25 °C, I repeated the same experiments carried out with non-mutated M-

TTR, as the mutant provides the opportunity to measure the distance between DACM 

and Trp41 in the absence of possible artefacts (Figure 3.14). The FRET E value of 

the folded state of W79F-M-TTR at pH 7.4, 25 °C was found to be 0.76±0.02 (Figure 

3.14A), which is close to the value of non-mutated M-TTR (E=0.72±0.02). This 

indicates that the mutation does not alter significantly the inter-residue distance 

between Cys10 and Trp41 in native M-TTR and reinforces the view that the FRET E 

value determined for wild-type M-TTR mainly reports on Trp41 and its distance from 

DACM. 

The analysis of the urea denaturation curves of the unlabelled and labelled 

W79F mutant, monitored with tryptophan fluorescence, yielded values of ∆𝐺#$%
&'( of 

13.0±1.4 and 8.6±0.9 kJ mol−1, respectively, m values of 4.3±0.4 and 4.2±0.4 kJ 

mol−1 M−1, respectively, Cm values of 3.0±0.1 and 2.0±0.2 M, respectively (Figure 

3.14B). The  ∆𝐺#$%
&'(  values of W79F-M-TTR and DACM-W79F-M-TTR are 

significantly lower than those of the corresponding wild-type proteins, indicating that 

the mutation lowers the conformational stability of the folded state. Moreover, the  

∆𝐺#$%
&'( value of DACM-W79F-M-TTR is significantly lower than that of W79F-M-

TTR, indicating that the DACM-labelling lowers the conformational stability of the 

folded state, as observed for non-mutated M-TTR. The FRET E values measured 

after denaturation in 5 M and 6 M urea (E = 0.30±0.05 and E = 0.24±0.02, 

respectively) are lower than those in 0 M and 1 M urea (E = 0.70±0.04 and E = 

0.68±0.03, respectively), indicating a higher distance between the DACM group and 

the Trp41 residue (Figure 3.14D). The FRET E value in 1.0 M urea is similar or just 

slightly lower than that determined in 0.0 M urea, confirming that the equilibrium 

molten globule state detectable at low urea concentrations has an unmodified distance 

between the DACM moiety and Trp41. The plot of DACM fluorescence versus urea 

concentration confirms that the distance between the DACM moiety and the Trp41 

residue increases upon unfolding (Figure 3.14C).  
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Figure	3.14.	FRET	of	W79F-M-TTR	under	different	conditions.	(A)	Tryptophan	fluorescence	emission	at	342	nm	
versus	the	percentage	of	DACM-W79F-M-TTR,	at	pH	7.4,	25	°C.	The	straight	line	represents	the	best	fit	of	the	
data	points	to	a	linear	function.	(B)	Urea	denaturation	curves	(spectroscopic	signal	versus	urea	concentration	
at	equilibrium)	using	tryptophan	fluorescence	at	330	nm	and	365	nm	as	a	spectroscopic	probe	for	W79F-M-
TTR	and	DACM-W79F-M-TTR,	respectively,	pH	7.4,	25	°C	(C)	Urea	denaturation	curve	of	DACM-W79F-M-TTR,	
using	DACM	fluorescence	at	462	nm	as	a	spectroscopic	probe,	pH	7.4,	25	°C.	(D)	FRET	efficiency	(E)	values	at	
the	indicated	urea	concentrations.	(E)	Effect	of	different	NaCl	concentrations	on	the	kinetics	of	15	µM	DACM-
W79F-M-TTR	aggregation	in	20	mM	acetate	buffer,	pH	5.6,	37	°C,	monitored	with	turbidimetry	at	450	nm.	(F)	
FRET	efficiency	(E)	during	aggregation.	Conditions	were	20	mM	acetate	buffer,	30	mM	NaCl,	pH	5.6,	37	°C.	(G)	
FRET	efficiency	(E)	for	native	W79F-M-TTR	at	pH	7.4	(first	bar),	amyloidogenic	monomeric	W79F-M-TTR	at	pH	
5.6,	0	s	(second	bar)	and	aggregated	W79F-M-TTR	at	pH	5.6,	3000	s	(third	bar). 

 

Folding of W79F-M-TTR and DACM-W79F-M-TTR was monitored in real 

time using the stopped-flow apparatus, similarly to the non-mutated protein (Figure 

3.15A-C). The spectroscopic signals analyzed by imposing an off-pathway model 

(Conti et al. 2014) were thus used to calculate transient and equilibrium FRET E 

values of the folded (F), unfolded (U), and partially folded (PF) states (Figure 3.15D). 
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Results revealed that the transiently populated partially folded state for W79F-M-

TTR has a DACM fluorescence significantly higher than those of both the folded and 

unfolded states (Figure 3.15C). However, this effect is less dramatic than that 

observed for the non-mutated protein (Figure 3.15D). Kinetic data analysis and 

calculation of the FRET E values highlighted several interesting features (Figure 

3.15A-D). Apparent refolding rates in 0.5 M urea were found equal to 16.3±0.2 and 

172±20 s-1 for M-TTR and W79F M-TTR, respectively, suggesting a strongly 

destabilized partially folded state following the W79F mutation. However, when the 

DACM label is attached to M-TTR, refolding rates in 0.5 M urea were found to be 

20.2±0.2 for both DACM-M-TTR and DACM-W79F-M-TTR, suggesting a higher 

energy barrier for refolding when the label is attached to the W79F mutant. The FRET 

E value (Figure 3.15D) of the W79F partially folded state in 0.5 M urea is slightly 

lower than that of M-TTR (0.68±0.02, as opposed to 0.72±0.02), an observation that, 

together with that obtained with the refolding rates, is reminiscent of a slightly less 

compact partially folded state in the mutant.  

I then attempted to study the aggregation process of the labelled and unlabeled 

W79F mutant at pH 4.4, 37 °C, as I did for the non-mutated M-TTR. However, the 

aggregation process was too fast and DLS measurements showed that the protein was 

aggregated immediately after incubation under these conditions. I therefore 

performed a preliminary study with DLS to identify a pH value and ionic strength 

ideal for slow aggregation of the labelled and unlabeled W79F mutant at a 

concentration of 15 µM and I found that at pH 5.6, both W79F-M-TTR and DACM-

W79F-M-TTR aggregated sufficiently slowly to allow the detection and analysis of 

both the monomeric amylodogenic state and the aggregated state (data not shown). I 

therefore acquired time courses of aggregation for 15 µM W79F-M-TTR and 

DACM-W79F-M-TTR in 20 mM acetate buffer, pH 5.6, 37 °C in the presence of 0, 

30, 60, 90 and 137 mM NaCl, using turbidimetry at 450 nm as a probe for aggregation 

(Figure 3.14E). I selected a NaCl concentration of 30 mM for FRET measurements 

and performed the experiments as described above for the wild-type protein (Figure 

3.14F) determining FRET E values of 0.67±0.01 and 0.41±0.04 for the 

amyloidogenic and aggregated states, respectively (Figure 3.14G). 
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Figure	3.15.	FRET	of	W79F-M-TTR	during	refolding.	(A,B)	Refolding	time	course	of	W79F-M-TTR	(red	●)	and	
DACM-W79F-M-TTR	 (blue	○)	monitored	by	 tryptophan	 fluorescence	 (excitation	290	nm,	emission	320-385	
nm)	in	0.5	M	urea	at	pH	7.4,	25	°C.	(C)	Refolding	time	course	of	DACM-W79F-M-TTR	(blue	○)	monitored	by	
DACM	fluorescence	(excitation	290	nm,	emission	>	385	nm)	in	0.5	M	urea	at	pH	7.4,	25	°C.	(D)	Comparison	
between	 the	 FRET	 E	 values	 calculated,	 from	 the	 spectroscopic	 data,	 for	 the	 folded	 (F),	 unfolded	 (U)	 and	
partially	folded	(PF)	states	of	M-TTR	and	W79F	M-TTR	in	0.5	M	urea	at	pH	7.4,	25	°C. 

 

Overall, the FRET E values measured for the native states at pH 7.4 and for 

the amyloidogenic states at mildly acidic pH for M-TTR and W79F-M-TTR are all 

similar, within experimental error, indicating that the distance between the DACM 

moiety attached to Cys10 and Trp41 does not change significantly in the transition 

from the native to the amylodogenic state. By contrast, the FRET E values measured 

for the aggregated states of M-TTR and W41F-M-TTR are similar (E=0.82±0.01, 

E=0.81±0.004, respectively), whereas that of W79F-M-TTR is substantially lower 

(E=0.53±0.04). This indicates that Trp79 is no longer quenched in the aggregated 

state and is closer than Trp41 to the DACM moiety of the same or adjacent protein 

molecule. Moreover, while Trp79 comes closer to DACM, Trp41 gets far away from 

DACM relative to the native state. Consequently, the FRET E value measured for 

non-mutated M-TTR in the aggregated state is dominated by the DACM-Trp79 

distance.   
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3.2 Interaction of transthyretin with Ab 

	

3.2.1 The time course of Ab40 amyloid fibril formation monitored 

with ThT fluorescence 

I first purified the Aβ40 peptide. For purification of Aβ40 several methods such as 

transformation, protein expression, fast protein liquid chromatography (FPLC) were 

used. As an evidence that Aβ40 is monomeric, I assessed its size distribution by means 

of dynamic light scattering (DLS) at pH 7.4, 25 °C and compared it with those of M-

TTR, W79F-M-TTR and wild-type tetrameric TTR (WT-TTR) (Figure 3.16). An 

apparent hydrodynamic diameter of 1.50±0.02 nm was observed for Aβ40, which is 

consistent with that expected for unfolded peptide of this size (Granata et al. 2015). 

Overall, the DLS results indicate that M-TTR, W79F-M-TTR, WT-TTR and Aβ40 are 

all monomeric. 

 

 
	Figure	3.16.	Size	distribution	of	TTRs	and	Aβ40.	Size	distributions	of	M-TTR,	W79F-M-TTR,	WT-TTR	and	Aβ40	
samples	obtained	with	DLS	at	pH	7.4,	25	°C.	

 

I then monitored aggregation of Ab40 at various concentrations in a buffer close 

to physiological and probing aggregation using ThT fluorescence at 480 nm 

(excitation 440 nm). In particular, Ab40 was incubated at concentrations of 5 µM, 10 

µM, 15 µM and 20 µM in 20 mM phosphate buffer, 150 mM NaCl, 20 µM ThT, pH 

7.4 at 37 °C. The ThT fluorescence of the resulting samples were measured at regular 

intervals of time and plotted as a function of time (Figure 3.17A). In all cases the 
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tome courses follow a sigmoidal curve with a lag phase where the ThT fluorescence 

is very low, an exponential phase where ThT fluorescence increases substantially 

with time and plateau where it remains constant. The length of the lag phase decreases 

with Ab40 concentration. Similarly, the steepness of the exponential phase increases 

with protein concentration, as well as the final ThT fluorescence measured at the 

plateau, which is, to a good approximation, proportional to peptide concentration 

(Figure 3.17A).   
 

 
Figure	3.17.	The	time	course	of	Ab40	amyloid	fibril	formation	monitored	with	ThT	fluorescence	and	AFM.	(A)	
The	ThT	fluorescence	of	the	resulting	samples	were	measured	at	regular	intervals	of	time	and	plotted	as	a	
function	of	time,	Ab40	was	incubated	at	concentrations	of	5	µM,	10	µM,	15	µM	and	20	µM	in	20	mM	phosphate	
buffer,	150	mM	NaCl,	20	µM	ThT,	pH	7.4	at	37	°C.	(B)	An	Ab40	concentration	of	10	µM	was	selected	and	new	
time	courses	with	this	Ab40	concentration	under	the	same	experimental	conditions	were	acquired	to	check	
whether	or	not	they	are	reproducible.	(C)	The	ThT-positive	aggregated	material	present	at	the	plateau	of	the	
sample	aged	for	10	hr	at	a	peptide	concentration	of	10	µM	was	analysed	using	atomic	force	microscopy	(AFM).		

 
An Ab40 concentration of 10 µM was selected and new time courses with this 

Ab40 concentration under the same experimental conditions were acquired to check 

whether or not they are reproducible. The four time courses were largely 

superimposable, confirming that the aggregation kinetics are satisfactorily 
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reproducible under the tested conditions (Figure 3.17B). This condition was used to 

assess the effect of the various forms and concentrations of TTRs in inhibiting 

amyloid fibril formation by Ab40 (see below). 

The ThT-positive aggregated material present at the plateau of the sample 

aged for 10 hr at a peptide concentration of 10 µM was analysed using atomic force 

microscopy (AFM), indicating the presence of amyloid-like fibrils (Figure 3.17C).  

 

3.2.2 The time course of Ab40 amyloid fibril formation in the 

presence of TTRs 

The time course of amyloid fibril formation by Ab40 at a peptide concentration of 10 

µM was then studied in the presence of wt tetrameric TTR at 15 different 

concentrations ranging from 0.0001 µM to 10 µM (Figure 3.18A). In all these 

experiments the TTR concentration refers to that of the tetramer and not monomeric 

subunits of TTR. TTR concentrations up to 0.05 µM did not have any inhibitory effect 

and the time courses were largely superimposable to that recorded in the absence of 

TTR, with a lag phase of ca. 2 h. A TTR concentration of 0.08 µM slightly decelerated 

amyloid fibril formation by elongating the lag phase and retarding the occurrence of 

the exponential phase. This effect was more marked with a TTR concentration of 0.1 

µM, with a lag phase as long as ca. 7 h. A TTR concentration of 0.2 µM retarded 

dramatically the occurrence of the exponential phase, which started only after ca. 15 

h and was also slower. TTR concentrations of 0.3-10 µM abolished completely Ab40 

aggregation within the investigated time frame. 

This analysis was repeated in the presence of a double mutant of TTR carrying 

two single mutations (F87M/L110M) designed to destabilise the molecular interface 

between the subunits that compose the tetramer (Jiang et al. 2001b). This double 

mutant, generally referred to as M-TTR, was shown to be stable as a monomer at 

neutral pH (Jiang et al. 2001b). The time course of amyloid fibril formation by 10 

µM Ab40 was studied in the presence of 15 different concentrations of M-TTR, 

ranging from 0.0001 µM to 10 µM (Figure 3.18B). In all these experiments the M-

TTR concentration refers to that of the monomer of M-TTR. M-TTR concentrations 

up to 0.08 µM did not have any inhibitory effect with respect to that recorded in the 

absence of M-TTR, with a lag phase of ca. 2 h. A M-TTR concentration of 0.1 µM 

was the lowest able to decelerate amyloid fibril formation, again by elongating the 

lag phase and retarding the occurrence of the exponential phase. This effect was more 
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marked with M-TTR concentration of 0.2, 0.3, 0.5, 1.0 µM, with lag phases of ca. 

2.5, 3.5, 5 and 9 h, respectively. M-TTR concentrations of 2, 5, and 10 µM abolished 

completely aggregation of Ab40 within the interval of time studied here. Interestingly, 

when the concentrations of both wt tetrameric TTR and M-TTR are quantified in 

terms of monomeric units, the two TTR species appear to have similar effects in 

inhibiting amyloid fibril formation by Ab40 (Figure 3.18A,B).  

I also analysed the effect of a mutant of M-TTR carrying the W79F amino 

acid substitution (Figure 3.18C). This mutant (W79F-M-TTR) was shown to be 

destabilised by 7.4±0.1 kJ mol-1 relative to non mutated M-TTR , but was also found 

to possess a native-like fold and is very useful for the FRET studies as it has only one 

tryptophan residue at position 41. W79F M-TTR concentrations up to 0.08 µM did 

not have any inhibitory effect with respect to that recorded in the absence of M-TTR, 

with a lag phase of ca. 2 h. A W79F M-TTR concentration of 0.1 µM was the lowest 

one to decelerate amyloid fibril formation, again by elongating the lag phase and 

retarding the occurrence of the exponential phase. The lag phase was ca. 4.5 h and 

for this reason this mutant appears to be more effective than non-mutated M-TTR, 

which produced a lag phase of ca. 2.5 h at the same protein concentration. W79F M-

TTR concentrations of 0.2, 0.3 and 0.5 µM produced lag phases of ca. 5, 7 and 9.5 h, 

respectively, again longer than those observed at corresponding concentrations of 

non-mutated M-TTR. Concentrations of 1, 2, 5, and 10 µM abolished completely 

aggregation of Ab40 in this interval of time. I have repeated the experiment with the 

same mass concentrations of M-TTR, W79F-M-TTR and WT-TTR to compare the 

kinetic profiles of the aggregation of a 10 µM solution of Aβ40 in the absence and 

presence of M-TTR, W79F-M-TTR and WT-TTR, respectively (Figure 3.19).  

When the three forms of TTR studied here were incubated under the same 

experimental conditions for 15 h, the ThT fluorescence was not found to increase, 

even using concentrations of TTR as high as 50 µM (Figure 3.18D). This indicates 

that TTR molecules do not contribute to the observed kinetic traces of Ab40 

aggregation and simply have an inhibitory effect. The half-time analysis shows that 

no aggregation of Aβ40 could be observed with more than 0.2 molar equivalent for 
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all proteins within 20 hours, i.e. the half-time was 10 times higher than the half-time 

observed with Aβ40 alone in the absence of TTR molecules (Figure 3.18E). 

Figure	3.18.	Time	courses	of	Ab40	amyloid	fibril	formation	in	the	presence	of	TTRs.	(A)	Time	course	of	amyloid	
fibril	formation	by	10	µM	Ab40	in	the	presence	of	WT-TTR	at	15	different	concentrations	ranging	from	0.0001	
µM	to	10	µM	tetramer	(concentrations	refer	to	tetramers).	(B)	Time	e	course	of	amyloid	fibril	formation	by	
10	µM	Ab40	studied	in	the	presence	of	15	different	concentrations	of	M-TTR,	ranging	from	0.0001	µM	to	10	
µM	monomer	(concentrations	refer	to	monomers).	(C)	Time	course	of	amyloid	fibril	formation	by	10	µM	Ab40	
studied	in	the	presence	of	15	different	concentrations	of	W79F-M-TTR,	ranging	from	0.0001	µM	to	10	µM	
monomer	(concentrations	refer	to	monomers).	(D)	The	three	forms	of	TTR	studied	here	were	incubated	under	
the	same	experimental	conditions	for	15	h	in	the	absence	of	Ab40.	The	ThT	fluorescence	was	not	found	to	
increase,	 even	 using	 concentrations	 of	 TTR	 as	 high	 as	 50	 µM.	 (E)	 The	 half-time	 analysis	 shows	 that	 no	
aggregation	of	Aβ40	could	be	observed	with	more	than	0.2	molar	equivalents	for	all	proteins	within	20	hours.		
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Figure	3.19.	Time	courses	of	Ab40	amyloid	fibril	formation	in	the	presence	of	TTRs.	(A)	Kinetic	profiles	of	the	
aggregation	of	a	10	μM	solution	of	Aβ40	in	the	absence	and	presence	of	different	concentrations	of	M-TTR,	
shown	in	different	colours.	(B)	Kinetic	profiles	of	the	aggregation	of	a	10	μM	solution	of	Aβ40	in	the	absence	
and	presence	of	different	concentrations	of	W79F-M-TTR,	shown	in	different	colours.	(C)	Kinetic	profiles	of	
10	μM	Aβ40	aggregation	in	the	absence	and	presence	of	substoichoimetric	ratios	of	the	WT-TTR	that	are	shown	
in	different	colours.	All	concentrations	refer	to	monomer.	

	
	

The unseeded data has shown that the M-TTR, W79F-M-TTR and WT-TTR all 

delay the aggregation of Aβ40, with the inhibition potency going from WT-TTR > 

W79F-M-TTR > M-TTR (Figures 3.18 and 3.19). This shows that the inhibition 

could either occur on the primary or secondary pathways, or both, of Aβ40. We also 

measured the aggregation kinetics of a 10 µM Aβ40 sample in the presence of Ab40 

fibril seeds at a mass concentration equal to 5% or 35% of the initial Ab40 monomer 

(Figure 3.20). When the time courses of Aβ40 aggregation was studied with preformed 

seeds, the aggregation of Ab40 was found to be accelerated, as the slow primary 

nucleation process is bypassed and thus only the secondary pathway is solely 

responsible for the creation of aggregates (Figure 3.20A). Increase of the seeds from 

5% to 35% causes the process to be accelerated. All TTRs are able to delay the 

aggregation process of Ab40 in the presence of both 5% and 35% seeds, showing that 

their inhibition are on secondary pathways (Figure 3.20B,C). This manner of 

inhibition is also consistent with WT-TTR > W79F-M-TTR > M-TTR as we see in 
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the unseeded data. Thus, the seeded data suggest that TTRs can inhibit the secondary 

pathways of Aβ40 aggregation. It is not known with the present data if the inhibitory 

action of all TTRs also occurs on primary nucleation or only on secondary nucleation. 

Further analysis is needed to address this issue. 

 

 
Figure	3.20.	 (A)	Kinetic	aggregation	profiles	of	10	μM	Aβ40	in	the	absence	and	presence	of	5%	and	35%	of	
preformed	seeds.	(B)	Kinetic	profiles	of	the	aggregation	of	a	10	μM	Aβ40	solution	in	the	presence	of	5%	of	
preformed	seeds,	in	the	absence	or	presence	of	different	concentrations	of	TTRs.	(C)	Kinetic	profiles	of	the	
aggregation	of	a	10	μM	Aβ40	solution	in	the	presence	of	35%	of	preformed	seeds,	in	the	absence	or	presence	
of	different	concentrations	of	TTRs.	

 

3.2.3 The Ab40/TTR interaction during amyloid formation by Ab40 

monitored with intrinsic fluorescence and FRET 

WT-TTR and M-TTR have two tryptophan residues per molecule at positions 41 and 

79, whereas W79F M-TTR has only one tryptophan at position 41. By contrast, Ab40 

does not have any tryptophan residues, making it possible to attribute the observed 

intrinsic fluorescence observed when both TTR and Ab40 are present in the sample 
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only to TTR. Ab40 was incubated at a concentration of 10 µM in 20 mM phosphate 

buffer, 150 mM NaCl, 20 µM ThT, pH 7.4 at 37 °C, under the same conditions 

described above. At regular time intervals aliquots were withdrawn and mixed with 

either WT-TTR, M-TTR or W79F-M-TTR. Final conditions were 9 µM Ab40, 3 µM 

TTR monomer (in one of its three forms) 150 mM NaCl, 18 µM ThT, pH 7.4, 37 °C. 

The tryptophan intrinsic fluorescence was then measured for each of the samples 

immediately after mixing and plotted versus time (Figure 3.21A). The tryptophan 

fluorescence of all three forms of TTR are similar at time 0, in the absence of Ab40, 

because all forms adopt a native state, have the same protein concentrations (3 µM 

monomer) and Trp79 is quenched in the native state (Lai et al. 1996), making the 

W79F mutant of M-TTR similar to the other two forms in terms of emitted 

fluorescence (Figure 3.21A). As aggregation of Ab40 proceeds, the tryptophan 

intrinsic fluorescence increases in all cases until an apparent equilibrium is reached. 

The fluorescence increase is rapid for WT-TTR and M-TTR and slower for W79F-

M-TTR, with apparent rate constants of 0.122±0.058 min-1, 0.105±0.057 min-1 and 

0.026±0.008 min-1, respectively.  

In all three samples, such an increase of fluorescence occurs mainly within 

the lag phase of the process of amyloid fibril formation of Ab40, suggesting that the 

chemical environment around the Trp residues of TTR molecules changes before 

mature Ab40 fibrils are formed to any significant extent and when Ab40 oligomers are 

accumulating. Since M-TTR and W79F M-TTR do not bind monomeric Ab40, as 

reported previously using ITC and NMR measurements (Li et al. 2013), the observed 

changes can only be attributed to the binding to Ab40 in its oligomeric state. Although 

it was previously reported that WT-TTR binds Ab40 when the latter adopts both a 

monomeric and oligomeric state, the binding of monomeric Ab40 to native WT-TTR 

occurs within the T4 hormone binding pocket with no substantial change of the 

structure around Trp41 (Li et al. 2013), allowing the change of intrinsic fluorescence 

occurring for WT-TTR to be attributed mainly to the binding of WT-TTR to Ab40 in 

its oligomer form.  
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Figure	3.21.	The	Ab40/TTR	interaction	during	amyloid	formation	by	Ab40	monitored	with	intrinsic	fluorescence	
and	FRET.	(A)	The	tryptophan	intrinsic	fluorescence	was	measured	for	each	of	the	samples	immediately	after	
mixing	an	aliquot	of	Ab40	undergoing	aggregation	and	an	aliquot	of	TTR	and	plotted	versus	time	for	WT-TTR,	
M-TTR	and	W79F-M-TTR.	 (B)	 The	analysis	was	 repeated	under	 identical	 experimental	 conditions	using	all	
three	forms	of	TTR	labelled	with	the	DACM	moiety	covalently	attached	to	Cys10:	DACM-WT-TTR,	DACM-M-
TTR,	DACM-W79F-M-TTR.	(C)	The	time	courses	of	FRET	E	values.		

 
The analysis was repeated under identical experimental conditions using all 

three forms of TTR labelled with the DACM moiety covalently attached to Cys10: 

DACM-WT-TTR, DACM-M-TTR, DACM-W79F-M-TTR (Figure 3.21B). The 

initial fluorescence at time 0, in the absence of Ab40, is very low due to the energy 

transfer from Trp41 to the DACM moiety and is again similar for all three forms of 

TTR. The fluorescence then increases in all cases, but with apparent rate constants 

significantly different for DACM-WT-TTR and DACM-M-TTR with respect to the 

unlabelled forms, i.e. 0.022±0.008 min-1 and 0.038±0.014 min-1, respectively. By 

contrast, the fluorescence increase for DACM-W79F-M-TTR occurs with a rate 

similar to that of unlabelled mutant, i.e. 0.026±0.006 min-1. 

By dividing the values reported in Figure 3.21B by those reported in Figure 

3.21A for any given TTR form at any given time plots of FRET efficiency (E) versus 
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time can be reconstructed for three forms of TTR (Figure 3.21C). This analysis shows 

that the FRET E value of WT-TTR and M-TTR increases slightly, but significantly, 

within the first 30 min and then decreases on a slower time scale. By contrast, the 

FRET E value of W79F-M-TTR decreases with time on a slow time scale. The whole 

analysis was repeated again and I obtained time courses of FRET E values similar to 

those reported in Figure 3.21C, making these results reproducible and not casually 

associated with a high signal-to-noise ratio. 

 

3.2.4 The Ab40/TTR interaction monitored with far-UV circular 

dichroism 

In order to investigate whether or not the three forms of TTR used here are fully or 

partially unfolded following the interaction with Ab40 under our conditions of 

analysis, I acquired the far-UV circular dichroism (CD) spectra of the various 

proteins alone or after a 30 min incubation. I first acquired the far-UV CD spectra of 

the various proteins individually using a total protein concentration of 0.1 mg ml-1, 

corresponding to 22 and 7 µM for Ab40 and TTR monomers, respectively (Figure 

3.22A). All three forms of TTR have a spectrum typical of an all-b protein with a 

negative peak at ca. 216 nm and a positive peak at ca. 196 nm. By contrast, Ab40 has 

a far-UV CD spectrum typical of a largely unfolded protein with little residual 

secondary structure, as it shows a negative peak at ca. 200 nm and a shoulder at ca. 

202-225 nm. I then acquired the far-UV CD spectra after incubating WT-TTR and 

Ab40 for 30 min at a total protein concentration of 0.1 mg ml-1 and using a 1:3 molar 

ratio of WT-TTR: Ab40 as described in the Methods section. The spectrum is largely 

superimposable to that obtained by averaging the spectra recorded with the two 

proteins individually (Figure 3.22B). Similar conclusions could be obtained when the 

analysis was repeated after incubating M-TTR and Ab40 for 30 min (Figure 3.22C) 

and after incubating W79F-M-TTR and Ab40 for 30 min (Figure 3.22D). Hence, this 

analysis indicates that the TTR/Ab40 interaction does not fully or partially unfold the 

secondary structure of the various TTR molecules studied here.  
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Figure	3.22.	The	Ab40/TTR	interaction	monitored	with	far-UV	circular	dichroism.	(A)	Far-UV	CD	spectra	of	the	
various	proteins	measured	individually	using	a	protein	concentration	of	0.1	mg	ml-1.	(B)	Far-UV	CD	spectra	
measured	after	incubating	WT-TTR	and	Ab40	for	30	min	at	a	total	protein	concentration	of	0.1	mg	ml-1	and	
using	a	1:3	molar	ratio	of	WT-TTR:Ab40	as	described	in	the	Methods	section	for	WT-TTR.	(C)	Far-UV	CD	spectra	
measured	after	incubating	M-TTR	and	Ab40	for	30	min	at	a	total	protein	concentration	of	0.1	mg	ml-1	and	using	
a	1:3	molar	ratio	of	M-TTR:Ab40.	(D)	Far-UV	CD	spectra	measured	after	incubating	W79F-M-TTR	and	Ab40	for	
30	min	at	a	total	protein	concentration	of	0.1	mg	ml-1	and	using	a	1:3	molar	ratio	of	W79F-M-TTR:Ab40.		

 

3.2.5 The interaction between toxic Ab42 oligomers and TTRs 

It was previously shown that monomeric TTR interacts with pre-formed toxic 

oligomers of Ab40 and Ab42 and inhibit their toxicity (Cascella et al. 2013; Li et al. 

2013). As a source of Ab toxic oligomers I used the amyloid derived diffusible 

ligands (ADDLs) formed by Ab42 that were previously shown to be toxic to mice 

organotypic hippocampal slice cultures as detected measuring the uptake of 

fluorescence-labelled calcein, the uptake of ethidium homodimer, the inhibition of 

long term potentiation and the decrease of MTT reduction (Lambert et al. 1998). In 

addition, they were found to decrease the viability of rat hippocampal neurons by 

measuring the NMDA receptor-mediated calcium uptake and subsequent ROS levels 

D C 

B A 
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increase, by detecting abnormal synapse composition, shape, and density (Lacor et 

al. 2004) and by measuring the transport of mitochondria along axons (Wang et al. 

2010). 
 M-TTR and DACM-M-TTR were incubated at a concentration of 4 µM in the 

absence and presence of preformed Ab42 ADDLs at a concentration of 12 µM 

(monomer equivalents) in PBS buffer, pH 7.4, 37 °C. The resulting fluorescence 

spectra were recorded after 0, 20, 40 and 60 min using an excitation wavelength of 

280 nm (Figure 3.23A-D). The fluorescence spectra of both M-TTR and DACM-M-

TTR in the absence of Ab42 ADDLs were found to be stable within the first hour of 

incubation (Figure 3.23A,B), indicating the stability of unlabeled and labeled proteins 

under these conditions. By contrast, the spectra recorded for both M-TTR and 

DACM-M-TTR in the presence of Ab42 ADDLs decreased in intensity with time 

(Figure 3.23C,D), indicating a progressive interaction with the ADDLs. As expected, 

Ab42 ADDLs in the absence of M-TTR did not show any significant fluorescence, 

indicating the absence of any significant contribution in the acquired fluorescence 

spectra (Figure 3.23E). The FRET E value of M-TTR was measured at all four time 

points, both in the absence and presence of Ab42 ADDLs (Figure 3.23F). In the former 

case, it was found to be stable with time and similar to that measured for M-TTR 

labeled with DACM at Cys10. In the latter case, by contrast, it was found to decrease 

progressively, indicating that a conformational change occcurs for M-TTR following 

the interaction with Ab42 ADDLs. 
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Figure	 3.23.	 Interaction	 between	 toxic	 Ab42	 oligomers	 (ADDLs)	 and	 M-TTR.	 (A-D)	 Fluorescence	 spectra	
recorded	for	both	M-TTR	(A,C)	and	DACM-M-TTR	(B,D)	in	the	absence	(A,B)	and	presence	(C,D)	of	Ab42	ADDLs.	
(E)	Spectra	recorded	for	Ab42	ADDLs	in	the	absence	of	M-TTR.	(F)	FRET	E	of	M-TTR	measured	at	all	four	time	
points,	both	in	the	absence	and	presence	of	Ab42	ADDLs.	
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This analysis was repeated for the W79F mutant of M-TTR leading to very 

similar results (Figure 3.24). This confirms that a conformational change occurs also 

for W79F M-TTR following the interaction with Ab42 ADDLs and indicates an 

increased spatial distance between the DACM moiety attached to Cys10 and the two 

tryptophan residues, particularly Trp41. 

Figure	3.24.	Interaction	between	toxic	Ab42	oligomers	(ADDLs)	and	W79F-M-TTR.	(A-D)	Fluorescence	spectra	
recorded	for	both	W79F-M-TTR	(A,C)	and	DACM-W79F-M-TTR	(B,D)	in	the	absence	(A,B)	and	presence	(C,D)	
of	Ab42	ADDLs.	(E)	Spectra	recorded	for	Ab42	ADDLs	in	the	absence	of	W79F-M-TTR.	(F)	FRET	E	of	W79F-M-TTR	
measured	at	all	four	time	points,	both	in	the	absence	and	presence	of	Ab42	ADDLs.	
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3.2.6 Study of the interaction between toxic Ab42 oligomers and TTRs 

with far-UV circular dichroism 

To further investigate the interaction between ADDLs and TTRs, we used far-UV 

circular dichroism. It has previously been shown that Aβ40 does not change the 

secondary structure of transthyretin during Ab40 aggregation (section 3.2.4). Here, I 

have further studied the interaction between preformed Aβ42 ADDLs and both M-

TTR and W79F-M-TTR in 20 mM sodium phosphate buffer, pH 7.4, 37 °C. I first 

obtained the far-UV CD spectra of the TTRs and Ab42 ADDLs individually using a 

total protein concentration of 0.1 mg ml-1, corresponding to 22 and 7 µM for Ab42 

and TTR monomers, respectively (Figure 3.25A,B). All fours spectra of M-TTR 

obtained at different time points of 0, 20, 40 and 60 min are typical of an all-b protein 

with a negative peak at ca. 210-216 nm and a positive peak at ca. 196 nm (Figure 

3.25A). By contrast, Ab42 ADDLs have a far-UV CD spectrum typical of a largely 

unfolded protein with little residual secondary structure, as it shows small values of 

mean residue ellipticity down to 218 nm (Figure 3.25B). Because of the presence of 

DMSO in the solution, we cannot acquire the CD spectrum below 218 nm. I then 

acquired the far-UV CD spectra after incubating 0.1 mg/ml TTRs and 0.1 mg/ml Ab42 

ADDLs for 0, 20, 40 and 60 min at a total protein concentration of 0.2 mg ml-1, as 

described in the Methods section (Figure 3.25C). The spectra are largely 

superimposable to those obtained with M-TTR individually. Similar conclusions 

could be obtained when the analysis was repeated after incubating W79F-M-TTR and 

Ab42 ADDLs both individually and together for 0, 20, 40 and 60 min (Figure 3.26). 

Hence, this analysis indicates that the TTR/Ab42 ADDLS interaction does not fully 

or partially unfold the secondary structure of the various TTR molecules studied here.   
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Figure	 3.25.	 The	 Ab42	ADDLs/M-TTR	 interaction	monitored	with	 far-UV	 circular	 dichroism.	 (A)	 Far-UV	 CD	
spectra	of	M-TTR	measured	at	0,	20,	40	and	60	min	using	a	protein	concentration	of	0.1	mg	ml-1.	(B)	Far-UV	
CD	spectra	measured	for	Ab42	ADDLs	at	0,	20,	40	and	60	min	using	a	protein	concentration	of	0.1	mg	ml-1	(C)	
Far-UV	CD	spectra	measured	after	incubating	M-TTR	and	Ab42	ADDLs	for	0,	20,	40	and	60	min	using	a	total	
protein	concentration	of	0.2	mg	ml-1	and	using	a	1:1	mass	ratio	of	M-TTR:	Ab42	ADDLs.		
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Figure	3.26.	The	Ab42	ADDLs/W79F-M-TTR	interaction	monitored	with	far-UV	circular	dichroism.	(A)	Far-UV	
CD	spectra	of	W79F-M-TTR	measured	at	0,	20,	40	and	60	min	using	a	protein	concentration	of	0.1	mg	ml-1.	(B)	
Far-UV	CD	spectra	measured	for	Ab42	ADDLs	at	0,	20,	40	and	60	min	using	a	protein	concentration	of	0.1	mg	
ml-1	(C)	Far-UV	CD	spectra	measured	after	incubating	W79F-M-TTR	and	Ab42	ADDLs	for	0,	20,	40	and	60	min	
using	a	total	protein	concentration	of	0.2	mg	ml-1	and	using	a	1:1	mass	ratio	of	M-TTR:	Ab42	ADDLs.		
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4.1 The various conformational states of monomeric 
transthyretin monitored with FRET 

The production of a mutant of human wild-type TTR that is stable as a monomer, 

generally referred to as M-TTR (Jiang et al. 2001b), has greatly facilitated the study 

of the folding process of this protein, of the structural perturbations occurring in the 

conversion of the fully folded monomer to the amyloidogenic state at weakly acidic 

pH values, of the aggregation process from such a state and of the mechanism of 

action of TTR as a toxin detoxifier (Cappelli et al. 2016; Cascella et al. 2013; Conti 

et al. 2014; Hurshman et al. 2004; Jiang et al. 2001b; Lim et al. 2013). Following the 

observation that M-TTR contains only a solvent-exposed cysteine residue at position 

10 that can be potentially labelled with a coumarin derivative able to act as an 

acceptor of the fluorescence of the naturally present tryptophan residues at positions 

41 and 79, I generated a coumarin-labelled M-TTR molecule (DACM-M-TTR) to 

investigate the spatial distance between the coumarin moiety at position 10 and 

Trp41/Trp79, particularly Trp41, which is non-quenched and spatially closer to 

Cys10. 

 Six conformational states of M-TTR have been investigated, namely (i) the 

fully folded state at pH 7.4, (ii) the urea-unfolded state at pH 7.4, (iii) the molten 

globule state populated at equilibrium at low urea concentrations, pH 7.4, (iv) the 

partially folded state accumulating transiently during folding, pH 7.4 (v) the 

amyloidogenic state at pH 4.4 and (vi) the aggregated state at pH 4.4. 

 The first study performed at pH 7.4, 25 °C, no added denaturants, indicated 

that DACM-M-TTR is folded, monomeric in solution, singly and uniformly labelled, 

and maintains a structure superimposable to that of unlabeled M-TTR. The labelled 

protein is less stable than the unlabeled one, as indicated by the lower free energy 

change of unfolding (∆𝐺#$%
&'(), but this is attributable to the high sensitivity of the 

∆𝐺#$%
&'( value to covalent modifications, as indicated by the many observations 

accumulated so far that most mutants of TTR are indeed less stable than the wild-

type protein, regardless of the position and type of the mutation (Sekijima et al. 2005). 

A FRET efficiency (E) value of 0.72±0.02 was obtained for DACM-M-TTR at pH 

7.4. Such a value is largely due to the energy transfer from Trp41 to DACM, both 

because the fluorescence of Trp79 is quenched (Lai et al. 1996) and because Trp79 

is more distant than Trp41 from Cys10 (Jiang et al. 2001b; Peterson et al. 1998). The 

observation that the W79F mutant of DACM-M-TTR features a similar FRET E 
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value under the same conditions, supports this hypothesis. A FRET E value of 

0.72±0.02 results into a spatial distance of 23.2±2.0 nm, between Trp41 and DACM. 

 The conversion of the non-mutated and W79F mutant forms of M-TTR from 

their folded state to the amyloidogenic state at pH 4.4 (or 5.6 in the case of the W79F-

M-TTR) does not change significantly the FRET E value and the related distance 

between DACM and Trp41, indicating that b-strand C, where Trp41 is located, does 

not increase its distance from Cys10 and does not unfold upon such conversion. This 

observation is particularly important as previous structural investigations on WT-

TTR, carried out with spectroscopic methods, limited proteolysis and 

hydrogen/deuterium exchange monitored with NMR, attributed such a structural 

conversion mainly to the unfolding of b-strands C/D and the interconnecting loop 

(Lai et al. 1996) or to the entire b-sheet CBEF (Liu et al. 2000). If this was the case, 

a decrease of the FRET E value should have been observed upon acidification, given 

the high sensitivity of FRET to even minor structural perturbations or increased 

dynamics. Our observation is indeed in agreement with more recent observations 

obtained with solution NMR that the whole CBEF b-sheet, including b-strand C, does 

not unfold, nor does it increase its structural dynamics, upon conversion of native M-

TTR and WT-TTR into the amyloidogenic state at mildly acidic pH (Das et al. 2014; 

Lim et al. 2016a; Lim et al. 2013). A unifying picture of the amyloidogenic state of 

TTR at mildly low pH (pH 3.9-5.5) that is consistent with all recent data obtained so 

far with different techniques is that of a largely native-like state with the entire DAGH 

b-sheet, the D-E loop, the E-F a-helix and its associated residues from the A-B loop, 

exhibiting structural fluctuations, in the presence of a substantially folded and packed 

CBEF b-sheet. 

 The equilibrium molten globule state of M-TTR or W79F-M-TTR populated 

at low urea concentrations, pH 7.4, has a FRET E value similar to those of the folded 

and amyloidogenic states of the same proteins isoforms, suggesting that the Cys10-

Trp41 distance is not significantly altered in such a conformational state. It is 

interesting to compare the structural information collected so far on such molten 

globule state of M-TTR (Conti et al. 2014) with that obtained for the amyloidogenic 

state of M-TTR and WT-TTR at pH 3.9-5.0 (Das et al. 2014; Jiang et al. 2001b; Lai 

et al. 1996; Lim et al. 2016a; Lim et al. 2013), to assess whether the two 

conformational states are essentially similar albeit populated under different 

conditions. The two conformational states share similar FRET E values and near-UV 

CD spectra, but different intrinsic fluorescence and far-UV CD spectra. The molten 
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globule state of M-TTR in 2.0 M urea, pH 7.4, has a far-UV CD spectrum different 

from that of the folded/amyloidogenic states (Lim et al. 2016a), which appear to be 

similar between them (Conti et al. 2014; Lai et al. 1996). Indeed, the molten globule 

state indicates a substantial unfolding of some portions of the protein (Conti et al. 

2014). The molten globule state in 2.0 M urea, pH 7.4, unlike the amyloidogenic state 

at pH 4.4, has an intrinsic fluorescence spectrum similar to that of the folded state at 

pH 7.4 (Conti et al. 2014; Lai et al. 1996). Hence, it appears that the two 

conformational states are structurally distinct. It will be important to establish the 

amyloidogenic nature of the molten globule state, which may be as important as the 

amyloidogenic state populated at low pH.  

As far as the off-pathway, partially folded state formed transiently during 

folding at pH 7.4 is concerned, it has a FRET E value significantly higher than that 

of the folded and amyloidogenic states, in both the non-mutated and W79F isoforms 

of the protein, suggesting that Trp41 is closer to Cys10 than it is in the 

folded/amyloidogenic states. This result reinforces the view that such a 

conformational state is an off-pathway species with some non-native contacts that 

need to be unfolded before folding can proceed (Conti et al. 2014). The kinetic and 

amyloidogenic conformational states share similar values of mean residue ellipticity, 

at least at 219 nm, and both induce an increase and blue-shift of the ANS dye (Conti 

et al. 2014; Jiang et al. 2001b; Lai et al. 1996). However, in addition to showing 

different FRET E values, they also differ for the intrinsic fluorescence spectra, 

exhibiting a fluorescence intensity higher and lower than the folded state at pH 7.4, 

respectively (Conti et al. 2014; Lai et al. 1996). Again, it appears that the two 

conformational states are structurally distinct. 

 The aggregated state of M-TTR at mildly low pH has a high FRET E value 

(E = 0.82±0.01). The W41F mutant has a similar value (E = 0.81±0.04), but that of 

the W79F mutant is remarkably lower (E = 0.41±0.04). This indicates that, following 

aggregation, Trp79 (the tryptophan residue monitorable in the W41F mutant) is 

released from its intrinsic natural quencher present in the folded/amyloidogenic state 

and moves closer to the DACM molecule, belonging either to the same or to an 

adjacent molecule. By contrast, Trp41 is more distant from DACM in the aggregated 

state. Three models of TTR amyloid fibrils have been proposed so far (Bateman et 

al. 2011; Lim et al. 2016b; Serag et al. 2002). Unfortunately, the level of structural 

detail of the three models is not sufficiently high to establish with acceptable accuracy 

the positions the two tryptophan residues and to use our FRET data to support either 
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model. However, our data indicate that Trp79 is within or close to the core of the 

TTR aggregate, whereas Trp41 is in a region that is not tightly packed in the 

aggregates. In addition, our FRET E values will hopefully be of use once our 

technical progress will allow to gain more structural insight into the TTR amyloid 

fibrils. 

Another interesting observation emerging from these results is the high 

aggregation propensity exhibited by the W41F mutant, which was indeed found to be 

insoluble even under native conditions, limiting our FRET analysis to the aggregated 

state. Among the many mutants of TTR associated with TTR diseases, one has been 

reported to involve Trp41 (W41L) and to cause vitreous opacity with amyloid-

material positive for TTR in the vitreous fluid of the index patient (Yazaki et al. 

2002a; Yazaki et al. 2002b). W41F and W41L TTRs share similarly high aggregation 

propensities, observed in vivo and in vitro, respectively, suggesting that Trp41 is a 

very important amino acid residue for maintaining the stability and solubility of 

native TTR. 

 

 

4.2 The conformational changes occurring on monomeric 
transthyretin when acting as a detoxifier  

TTR inhibits Aβ toxicity in an in vitro cell culture, as shown in this study as well as 

in several other reports (Cascella et al. 2013; Li et al. 2013; Schwarzman et al. 1994). 

Many observations have suggested an interaction between the monomeric 

amyloidogenic precursor of TTR and the peptide Aβ associated with Alzheimer 

diseases (Schwarzman et al. 1994; Serot et al. 1997). However, the specificity of the 

interaction was questioned in the absence of detailed characterization of the binding 

(Li et al. 2013). I used the FRET technique to characterise the interaction between 

tetrameric and monomeric TTR (WT-TTR, M-TTR, W79F-M-TTR) and Ab peptide 

in both the process of aggregation, that is the conversion of its monomeric state into 

well-defined amyloid fibrils, as well as on pre-formed toxic oligomers called 

amyloid-derived diffusible ligands (ADDLs). This study takes advantage of the 

absence of cysteine and tryptophan residues in Ab, which will not interfere with the 

FRET measurements of TTRs.  

The time course of amyloid fibril formation by 10 µM Ab40 was studied under 

conditions close to physiological and starting from a monomeric state of the Ab40 
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peptide, in the presence of wild-type tetrameric TTR (WT-TTR) at 15 different 

concentrations ranging from 0.0001 µM to 10 µM (from 0.0004 µM to 40 µM 

monomeric equivalents). This study showed inhibition of aggregation of Aβ40 by 

transthyretin molecules. Concentrations of 0.3 µM or higher (corresponding to 1.2 

µM or higher for the monomer) abolished completely aggregation of Ab40. This 

analysis was repeated in the presence of M-TTR. The time course of amyloid fibril 

formation by 10 µM Ab40 was studied in the presence of 15 different concentrations 

of M-TTR, ranging from 0.0001 µM to 10 µM. M-TTR. M-TTR concentrations of 2 

µM or higher abolished completely aggregation of Ab40 within the interval of time 

studied here. Interestingly, when the concentrations of both WT-TTR and M-TTR 

are quantified in terms of monomeric units, the two TTR species appear to have 

similar effects in inhibiting amyloid fibril formation by Ab40. I also analysed the 

effect of W79F M-TTR on Ab40 amyloid fibril formation. Concentrations of 1 µM or 

higher abolished completely aggregation of Ab40 in this interval of time. When the 

three forms of TTR studied here were incubated under the same experimental 

conditions for 15 h but in the absence of Ab40, the ThT fluorescence was not found 

to increase, even using concentrations of TTR as high as 50 µM. This indicates that 

TTR molecules do not contribute to the observed kinetic traces of Ab40 aggregation 

and simply have an inhibitory effect.  The half-time analysis shows that no 

aggregation of Aβ40 could be observed with more than 0.2 molar equivalents for WT-

TTR, M-TTR and W79F-M-TTR within 20 hours, i.e. the half-time was 10 times 

higher than the half-time observed with Aβ40 alone in the absence of TTR molecules. 

I also studied the conformational change of all three TTR variants following 

the interaction with Aβ40 during aggregation at a molar ratio of 1:3 (TTR:Aβ40). In 

particular, the FRET E of TTRs during aggregation of Aβ40 was monitored and the 

results showed a change in FRET E of all TTR molecules as Aβ40 aggregation 

proceeds, indicating a conformational conversion upon Aβ40/TTR interaction. The 

changes of the FRET E values of all three TTR variants (WT-TTR, M-TTR and 

W79F-M-TTR) occur within the lag phase of the process of amyloid fibril formation 

of Aβ40, indicating that the interaction between the two proteins occurs at the 

oligomeric state of Aβ40, before the fibrils form.  

Interestingly, for both WT-TTR and M-TTR a rapid increase of the FRET E 

value is followed by a slow decrease, both changes occurring within the lag phase of 

the sigmoidal curve of the Aβ40 aggregation process. For W79F-M-TTR a rapid 

increase of the FRET E value is missing and only the slow decrease is apparent. This 
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suggests that the second slower decrease of the FRET E value is caused by an increase 

of the spatial distance between Trp41 and the DACM moiety attached to Cys10. The 

first rapid increase is most likely caused by a conformational change involving Trp79, 

which is present only in M-TTR and WT-TTR, but is more difficult to interpret in 

terms of changes of the spatial distance between Trp79 and the DACM molecule 

attached to Cys10: indeed, Trp79 is quenched in native M-TTR (Lai et al. 1996) and 

the rapid increase of intrinsic fluorescence detected in both M-TTR and WT-TTR 

following the interaction with Aβ40, but not in the corresponding DACM-labelled 

counterparts, reveals that it becomes at least in part unquenched in the two unlabelled 

proteins. Thus, it is likely that the first rapid increase of the FRET value is caused by 

a conformational change occurring on Trp41, but the result is difficult to interpret in 

terms of change of spatial distance from Cys10. 

The far-UV CD spectra of WT-TTR, M-TTR and W79F M-TTR in the 

absence and presence of Aβ40 undergoing aggregation were compared after 30 min, 

showing that there are no changes in the secondary structure of TTRs after binding 

to Aβ40 while it converts from monomers to oligomer. This indicates that the 

conformational changes occurring on the three TTR variants following the interaction 

with Aβ40 oligomers are subtle, do not involve a substantial unfolding of the 

monomeric TTR molecule, but are monitorable with FRET, which is indeed very 

sensitive to small changes of the spatial distance between the FRET donor and 

acceptor pair, as the FRET E value depends on the sixth power of such a distance 

(Lakowicz 2006).  

While it has been known for many years that Ab monomers assemble into large 

neurotoxic amyloid fibrils (Lorenzo and Yankner 1994; Pike et al. 1993), recent 

studies show that non-fibrillar Ab-derived toxins also exist. These toxic soluble 

species comprise Ab-derived diffusible ligands (ADDLs) (Lambert et al. 1998; 

Longo et al. 2000). The ADDLs comprise small, soluble Ab1-42 oligomers which form 

below the critical concentrations needed to form protofibrils and fibrils. In vitro, TTR 

binds to all forms of soluble Aβ, monomer, oligomer and fibrils (Buxbaum et al. 

2008; Du and Murphy 2010; Liu and Murphy 2006). TTR binds to Aβ better at 37 °C 

than 25 °C, binds to Aβ aggregates better than monomers (Buxbaum et al. 2008; Du 

and Murphy 2010; Liu and Murphy 2006), and to Aβ1-42 better than Aβ1-40 (Buxbaum 

et al. 2008; Liu and Murphy 2006; Schwarzman et al. 2004). The binding is highly 

dependent on the quaternary structure of TTR (Du and Murphy 2010). In this study, 

the conformational changes of binding of Aβ42 ADDLs to TTRs was studied by the 
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FRET techniques. M-TTR and DACM-M-TTR were incubated at a concentration of 

4 µM in the absence and presence of preformed Ab42 ADDLs at a concentration of 

12 µM (monomer equivalents). The fluorescence spectra of both M-TTR and 

DACM-M-TTR in the absence of Ab42 ADDLs were found to be stable within the 

first hour of incubation, indicating the stability of unlabeled and labeled proteins 

under these conditions. Consequently, the FRET E value is also stable within this 

time frame. By contrast, the spectra recorded for both M-TTR and DACM-M-TTR 

in the presence of Ab42 ADDLs decreased in intensity with time, indicating a 

progressive interaction with the ADDLs. As expected, Ab42 ADDLs in the absence 

of M-TTR did not show any significant fluorescence, indicating its lack of 

contribution in the acquired fluorescence spectra. The FRET E value of M-TTR 

measured during incubation, in the presence of Ab42 ADDLs was found to decrease 

progressively, indicating that a conformational change occurs for M-TTR following 

the interaction with Ab42 ADDLs. This analysis was repeated for the W79F mutant 

of M-TTR leading to very similar results. This confirms that a conformational change 

occurs also for W79F M-TTR following the interaction with Ab42 ADDLs and 

indicates an increased spatial distance between the DACM moiety attached to Cys10 

and the two tryptophan residues, particularly Trp41. 

 

4.3 Conclusions 

In conclusion, the FRET study described here provides insight into the structural 

changes occurring during the folding, unfolding and aggregation of TTR, as well as 

during its “chaperone” activity during Aβ fibril formation. The most important 

achievements of our results is the clarification of the degree of unfolding and 

dynamics of b-strand C in the formation of the amyloidogenic state and upon 

interaction with Aβ oligomers causing cell dysfunction and the establishment of the 

concept that both the molten globule state and kinetically trapped species 

accumulating during folding are structurally distinct from such a state, indicating that 

TTR is a highly plastic protein able to populate a number of structurally discrete 

conformational states. 
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