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Abstract 
Transthyretin (TTR) is one of several proteins involved in amyloid disease in 
humans. Unknown conformational changes of the native state of TTR result in 
aggregation of TTR molecules into amyloid fibrils, which accumulate in 
extracellular tissues. This may result in different clinical symptoms, e.g. 
polyneuropathy or cardiomyopathy, depending on their site of accumulation. 

Our long-term goal is to identify structural changes associated with amyloid 
formation. For this work, structural characterization of TTR from other species 
than human may provide valuable information. 

The three-dimensional X-ray crystallographic structure of TTR from sea bream 
(Sparus aurata) was determined at 1.75 Å resolution. Human and sea bream TTR 
were found to be structurally very similar. However, interesting differences were 
present in the area at and around β-strand D, which in fish forms an extended loop 
region. Interestingly, this area is believed to dissociate from the structure prior to 
amyloid formation, to allow β-strands A and B to participate in polymerization. 

During evolution, TTR from different species have developed differences in 
preference to their natural ligands, the thyroid hormones 3,5,3’-triiodo-L-thyronine 
(T3) and 3,5,3’,5’-tetraiodo-L-thyronine (T4). While human TTR has higher affinity 
for T4, the opposite is true in lower vertebrates, e.g. fish and reptiles. We have 
determined two separate structures of sea bream TTR in complex with T3 and T4, 
both at 1.9 Å resolution. A significantly wider entrance and narrower thyroid 
hormone binding channel provide a structural explanation to the differences in 
thyroid hormone preference between human and piscine TTR. 

In a separate work, we identified a novel protein family with structural 
similarity to TTR, which we named the transthyretin-related protein (TRP) family. 
To attain information about this protein family, we cloned, expressed, purified and 
characterized TRP from Escherichia coli (EcTRP). Furthermore, we solved the 
structure of EcTRP to 1.65 Å resolution. As predicted, EcTRP and human TTR are 
structurally very similar. Interesting structural differences are found in the area 
corresponding to the thyroid hormone binding site in TTR, which due to its amino 
acid conservation within the TRP family we identified as a putative ligand-binding 
site in TRPs. The function of the TRP is not known, however, recent studies 
suggest that it might be involved in purine catabolism. 

It has been shown that partial acid denaturation of human TTR results in 
amyloid-fibril formation. Interestingly, we have shown that sea bream TTR also 
forms amyloid-like fibrils in vitro, even though it shares only 52% sequence 
identity to human TTR. Corresponding studies on EcTRP did not generate 
amyloid-like fibrils. EcTRP has 30% sequence identity to human TTR. The fact 
that two of the proteins form amyloid fibrils and one does not means that they can 
serve as a model system for the study of amyloid formation.  Further studies on 
these three proteins are currently performed to attain more information about the 
mechanism of amyloid formation. 



 3

Publications 

This thesis is based on the following papers and manuscripts, which will be 
referred to by roman numerals (Paper I-IV). 
 
I. Eneqvist, T., Lundberg, E., Karlsson, A., Huang, S., Santos, C.R.A., 

Power, D.M., and Sauer-Eriksson, A.E. (2004). High resolution crystal 
structures of piscine transthyretin reveal different binding modes for 
triiodothyronine and thyroxine. J Biol Chem. 279, 26411-26416. 

 
II. Eneqvist, T., Lundberg, E., Nilsson, L., Abagyan, R., and Sauer-

Eriksson, A.E. (2003). The transthyretin-related protein family. Eur J 
Biochem. 270, 518-532. 

 
III. Lundberg, E., Bäckström, S., Sauer, U.H., and Sauer-Eriksson, A.E. 

The transthyretin-related proteins: Structural investigations of a novel 
protein family. (2006). J Struct Biol. (accepted for publication). 

 
IV. Lundberg, E., Olofsson, A., and Sauer-Eriksson, A.E. Stability and 

amyloid formation of transthyretin and the transthyretin-related 
protein: A comparative study. (2006). (manuscript). 

 
Structure coordinates from this thesis can be found at the RCSB protein data 
bank, accession codes: 1SN0; 1SN2; 1SN5; 2G2N and 2G2P. 



 4

Abbreviations 
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Introduction 

1. Transthyretin 
Transthyretin (TTR) is a homotetrameric protein of 55 kDa, with four 
identical monomers of 127 amino acids (Kanda et al., 1974). It was earlier 
named prealbumin, since it migrates ahead of albumin on serum protein 
electrophoresis gels. To better describe its function as transport protein for 
the two thyroid hormones ((3,5,3’-triiodo-L-thyronine, T3) and (3,5,3’,5’-
tetraiodo-L-thyronine, T4, thyroxine)) (Ingbar, 1958), and for retinol in 
complex with retinol-binding protein (RBP) (Kanai, 1968), the name was 
changed to transthyretin (Nomenclature Committee of IUB, 1981). TTR has 
been known and studied for many years, and was one of the first plasma 
proteins to be solved by X-ray crystallography (Blake et al., 1978). 
Transthyretin is of medical interest due to its involvement in the amyloid 
diseases familial amyloidotic polyneuropathy (FAP), familial amyloidotic 
cardiomyopathy (FAC) and senile systemic amyloidosis (SSA), (which are 
discussed in chapter 2).  
 

1.1 Expression of the TTR gene 
The human TTR gene is found on chromosome 18q11.2-q12.1 (Sparkes et 
al., 1987) and consists of 4 exons and 3 introns, which together span about 
7kb (Tsuzuki et al., 1985). Most TTR is found in plasma, and is produced 
and secreted by the hepatocytes in the liver (Croizet-Berger et al., 2002). 
Normal TTR concentration in plasma of adults ranges between 0.2-0.4 mg 
mL-1 (Stabilini et al., 1968).  

TTR levels can be used as marker for nutritional and inflammatory 
status (Ingenbleek and Young, 1994; Spiekerman, 1993). Significantly 
decreased plasma TTR levels are found when the liver is participating in 
acute phase response to injury, malnutrition or chronic inflammation 
(Dickson et al., 1982; Dickson et al., 1985).  

Large quantities of TTR are also produced by the choroid plexus 
epithelial cells found at the blood-cerebrospinal fluid (CSF) barrier 
(Dickson et al., 1986; Chen et al., 2005), providing TTR to the brain 
(Schreiber at al., 1995). Low TTR expression levels have also been found in 
the retinal pigment epithelium, and in the islets of Langerhans of the 
pancreas (Soprano et al., 1985; Cras-Méneur et al., 2004). 
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1.2 Function of TTR 
1.2.1 Thyroid hormone transport 
 
The thyroid hormones 3,5,3’-triiodo-L-thyronine (T3) and 3,5,3’,5’-
tetraiodo-L-thyronine (T4, thyroxine), (Fig. 1), have been found in all 
vertebrates, and are known to be important for normal growth, 
differentiation, metamorphosis, (development of central nervous system, 
small intestine and bone),  reproduction, hibernation, thermogenesis, and for 
normal heart and pituary function (Power et al., 2000; Brent, 2000). 

The thyrocytes in the thyroid gland produce T3 and T4 (Croizet-Berger et 
al., 2002). For thyroid hormone production, iodide ions are transported into 
the thyroid gland and are oxidized by thyroperoxidase, which uses H2O2 as 
cofactor. Oxidized iodines are then attached to certain tyrosine residues on 
the protein thyroglobin, producing 3-iodotyrosine (MIT) and 3,5’-
diiodotyrosine (DIT). Thyroperoxidase and H2O2 are further used to couple 
two DIT residues, or one MIT with one DIT residue, to produce T4 or T3, 
respectively (Dunn and Dunn, 2001). While the thyroid gland mainly 
secretes T4, the thyroid hormone receptors preferentially bind to T3, which is 
the active form of the hormone. In the thyroid gland and in target tissues, T4 
is transformed into T3 by deiodination of the outer ring by iodothyronine 
deiodinases, which also perform inactivation of the two hormones by 
deiodination of the inner ring of T3 and T4, forming 3,3’-diiodothyronine 
and 3,3’5’-triiodothyronine (reverse T3), respectively (Darras et al., 1998; 
Bianco et al., 2002). 
 

 
 
Figure. 1. The two thyroid hormones: thyroxine (left) and 3,5,3’-triiodothyronine (right). 
 

Both T3 and T4 are very hydrophobic, and are transported into cells 
mainly by specific membrane transport proteins, e.g. monocarboxylate 
transporter 8 (Friesema et al., 2003), where they bind to nuclear thyroid 
hormone receptors. To avoid accumulation in cell membranes, and instead 
attain even distribution in the body, the thyroid hormones bind to transport 
proteins. In placental mammals, this function is performed by albumin, 
thyroxine-binding globulin (TBG), and transthyretin (Larsson et al., 1985; 
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Bartalena and Robbins, 1993). Due to differences in hormone affinity, these 
proteins ensure an even distribution of thyroid hormones, and also serve as 
backup if one protein should be deficient. This can explain why knock-out 
of the TTR gene in mice, even though resulting in lower levels of serum 
retinol, RBP and thyroid hormones, still produced healthy individuals 
(Episkopou et al., 1993). The affinity for T4 is highest for TBG, and TBG is 
also the major thyroxine transporter, binding 75% of total T4 in plasma 
(Snyder et al., 1976). While TTR transports 15-20% of the plasma 
thyroxine, albumin has the lowest affinity and carries only 5-10%, despite 
being the most abundant of the three (Power et al., 2000).  

In the central nervous system (CNS) transthyretin is the major thyroxine 
transporter (Hagen and Elliot, 1973). However, the fact that transthyretin 
knock-out mice are viable and fertile indicates that there are backup systems 
in CNS as well.  

Each TTR tetramer has two identical binding sites for T3/T4, but due to 
negative cooperativity only one site is occupied at physiological conditions 
(Ferguson et al., 1975). 
 
1.2.2 Transport of the retinol-RBP-complex 
 
The major site for storage of retinol (vitamin A) in the body is the liver. 
Transport of retinol from the liver to peripheral tissues is performed by 
binding to the hydrophobic pocket of the lipocalin retinol-binding protein 
(RBP) (Kanai, 1968). RBP is a plasma protein with a molecular weight of 
21 kDa (183 amino acids), which is synthesized in the liver (Soprano et al., 
1981). To avoid loosing RBP by glomerular filtration in the kidneys, the 
RBP/retinol-complex further interacts with TTR (Goodman, 1976). Both the 
apo and holo form of RBP has the ability to bind to TTR, but affinity is 
significantly higher for the holo form (Goodman and Raz, 1972), and in 
vitro studies suggest that the TTR-RBP complex is formed already in the 
endoplasmic reticulum of hepatocytes (Bellovino et al., 1996). As for the 
complex of TTR and T3/T4, binding of RBP to TTR results in significantly 
decreased affinity for a second RBP molecule (Monaco, 2000). The RBP-
binding site is situated on the outside of the TTR molecule (Monaco et al., 
1995; Naylor and Newcomer, 1999), and RBP binding does not affect 
thyroid hormone binding (Raz and Goodman, 1969).  
 
1.2.3 Proteolytic cleavage of apolipoprotein AI 
 
It was recently found that TTR could function as a protease, and seems able 
to proteolytically process apolipoprotein AI (apo-AI), cleaving it at Phe-225 
positioned in the C-terminus. Apo-AI is the major protein in the serum high-
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density lipoprotein (HDL) particles, and is involved in multiple functions, 
e.g. lipid binding and transport (Sorci-Thomas et al., 1993). The medical 
interest of apo-AI and HDLs is due to involvement of apo-AI in amyloidosis 
(Genschel et al., 1998).  

The proteolytic activity of TTR could be inhibited using a number of 
common serine protease inhibitors (e.g. Pefabloc) (Liz et al., 2004). 
Additionally, binding of RBP to TTR resulted in total inhibition of 
proteolytic activity, while binding of T4 produced a 15% decrease in 
activity. The biological relevance of this proteolytic function is yet 
unknown. 
 

1.3 Three-dimensional structure of TTR 
The structure of human wild-type transthyretin was one of the first proteins 
to be solved by X-ray crystallography (Blake et al., 1978).  
 

 
 
Figure. 2. Structure of human transthyretin. (A) Dimer. (Hörnberg et al., 2000). (B) 
Tetramer in complex with thyroxine. (Wojtczak et al., 1996). (C) TTR in complex with 
RBP with retinol. (Naylor and Newcomer, 1999). 
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Currently, there are totally 72 coordinate sets deposited, including wild-
type TTR structures (with or without ligands), TTR from rat, chicken and 
fish (Paper I), and of mutant variants of human TTR. The human wild-type 
structure has been determined at 1.5 Å resolution (Hörnberg et al., 2000). 

Transthyretin is a tetramer with four identical monomers. Each 
monomer consists of eight beta strands, denoted A to H, and one short alpha 
helix. The eight β-strands form two β-sheets, comprised of the strands D-A-
G-H and C-B-E-F, together creating a immunoglobulin-like β-barrel 
structure. 

Two monomers dimerize mainly through antiparallel main-chain main-
chain interactions between the H-strands, forming an eight stranded β-sheet 
(Fig. 2a). Additionally, the F-strands in each monomer participate in 
dimerization through interactions between side chains and interconnecting 
water molecules. To form the functional tetramer, two dimers interact 
through hydrophobic contacts between the AB- and GH-loops. This results 
in the formation of a hydrophobic channel between the dimers, in which the 
thyroid hormone binding sites are positioned (Fig. 2b)(Wojtczak et al., 
1996). 

Because the thyroid hormones are asymmetric, but bind in the 
symmetric binding pockets of TTR, a problem arises when trying to 
determine the position of the hormones. The vast majority of the structures 
of human TTR, including the complex with T4 (pdb code: 2ROX, (Wojtczak 
et al., 1996)), are solved in the orthorombic space group P21212, with one 
dimer in the asymmetric unit. To form the complete tetramer, the second 
dimer is generated by the crystallographic 2-fold axis. Since T4 is an 
asymmetric molecule, there are two symmetry-related positions per binding 
site. The thyroid hormone binding sites can be divided into three pairs of 
halogen-binding pockets (HBP), namely HBP1-HBP1*, HBP2-HBP2*, and 
HBP3-HBP3*, where * designates the corresponding pocket of the 
symmetry-related dimer (Wojtczak et al., 1996). HBP1 is found at the 
outermost part of the hydrophobic channel, consisting of the side chains of 
Met13, Lys15 and Thr106. HBP2 is comprised of the side chains of Lys15, 
Leu17, Ala109, Leu110, and the hydrophilic main chain carbonyl groups of 
Lys15, Ala108, and Ala109. The last and innermost pocket, HBP3, is 
defined by the side chains of Ala108, Ala109, Leu110, Ser117, and Thr119. 
The hydrophilic part of HBP3 is formed by the side chains of Ser117 and 
Thr119, and the main chain carbonyl and amino groups of Ala108, Ala109, 
Leu110, and Thr118. In the complex of human TTR and T4, the four iodines 
are found in HBP1 (I5), HBP2 (I3’) HBP2* (I3) and HBP3 (I5’), (Wojtczak 
et al., 1996). Additionally, hydrogen bonds to the alanyl group of the T3/T4 
hormones are also made by Lys15-Nζ and Glu54-Oε2 at the entrance of the 
hydrophobic channel. 
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Structures of human TTR in complex with RBP/retinol have been 
solved, from chicken RBP (Monaco et al., 1995)(pdb code: 1RLB), and 
human RBP (Naylor and Newcomer, 1999) (pdb code: 1QAB). Due to the 
high concentrations of RBP used during crystallization, two RBP molecules 
are bound to TTR in these structures (Fig. 2c), even though only one RBP 
molecule is normally bound to TTR in plasma, (Monaco, 2000). The 
structure of RBP includes a short α-helix, and nine β-strands forming a β-
barrel, which surrounds and protects the hydrophobic parts of retinol. 
Interactions between RBP and TTR are mainly found between hydrophobic 
residues in and around the α-helix (residues 80-86) of TTR, to the loops 
between β-strand 5 and 6, and between β-strand 7 and 8, in RBP. The α-
helix region of monomer A and D in TTR bind to one RBP molecule, while 
monomer B and C bind the other. 
 

1.4 Evolution of transthyretin 
TTR is found in a large number of vertebrate species, including mammals, 
marsupials, birds, reptiles, amphibia, and teleost fish (Power et al., 2000; 
Schreiber and Richardson, 1997). Piscine TTR shows the lowest amino acid 
sequence identity to human TTR (~47%) (Fünkenstein et al., 1999; Santos 
and Power, 1999).  

As in humans, the major sites for TTR expression in other mammals, 
and in marsupials and birds, are the liver and the choroid plexus (Power et 
al., 2000). In reptiles TTR is mainly produced in the choroid plexus, with 
little or no expression in the liver (Achen et al., 1993; Richardson et al., 
1997). Tadpoles of the african clawed frog (Xenopus laevis) and bullfrog 
(Rana catesbeiana), show expression of TTR in the liver during 
metamorphosis, but not as adults. The main secreted protein from the 
choroid plexus of these frogs is lipocalin, which also is known to bind small 
hydrophobic ligands (Yamauchi et al., 1998; Achen et al., 1992; Prapunpoj 
et al., 2000). High expression levels of TTR were detected in liver and skin 
of teleost fish (Sparus aurata). Additionally, low expression levels were 
found in many other tissues, e.g. eye, brain, gill filaments and heart 
(Fünkenstein et al., 1999).  

During evolution, the affinity of TTR for the two thyroid hormones 
seems to have changed. TTR in higher vertebrates, including mammals and 
marsupials, have higher affinity for T4 than for T3 (Chang et al., 1999). 
Birds, amphibians and fish instead have TTR with preference for T3 (Santos 
and Power, 1999; Yamauchi et al., 1998; Yamauchi et al., 1999). Evolution 
of TTR expression and thyroid hormone preference is likely correlated to 
evolution of expression and activity of the iodothyronine deiodinases, to 
adapt for special needs in each species. One biological incentive for the 
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evolutionary change in preference of TTR from T3 to T4, is possibly that the 
eutherian system likely simplifies tissue-specific regulation of thyroid 
hormone activity by iodothyronine deiodinases (Prapunpoj et al., 2000; 
Bianco et al., 2002). 
 

2. Amyloidosis 
Transthyretin is of medical interest due to its involvement in amyloidosis. 
Amyloidosis is characterized by accumulation of amyloid fibrils in 
extracellular tissues. Amyloid fibrils are formed by normally soluble 
proteins, which undergo conformational change and subsequently form 
protein aggregates. The accumulation of amyloid fibrils may result in tissue 
damage and disruption of normal organ function (for reviews on 
amyloidosis: Tan and Pepys, 1994; Sipe, 1994; Rochet and Lansbury, 2000; 
Pepys, 2001), and different amyloidogenic proteins give rise to amyloid 
deposits at different locations in the body.  

The scientific history of amyloidosis started in 1854, when the german 
physician Rudolph Virchow observed abnormalities in brain tissue 
(Virchow, 1854). These abnormal deposits stained blue upon iodine 
staining, which was a method commonly used to stain starch and cellulose. 
Virchow therefore assumed that the deposits were cellulose, and named 
them “corpora amylacea”, from the latin (amylym) and greek (amylom) 
words for cellulose. 

Today, there are 25 identified human proteins associated with amyloid 
disease (Westermark, et al., 2005). Some of the most known are 
Alzheimer’s disease and Creutzfeldt-Jacobs disease (Glenner and Wong, 
1984; Bockman et al., 1985). Some other well known diseases related to 
protein aggregation, e.g. Parkinson’s disease, Huntington’s disease, and 
familial amyotrophic lateral sclerosis (ALS), result in intracellular deposits, 
and are not included in the family of amyloid diseases. 
 

2.1 General properties of amyloid fibrils 
Amyloidogenic proteins associated to different clinical syndroms share 
many common features, despite large differences in their amino acid 
sequence and normal structure. In 1927, Divry and Florkin discovered that 
amyloid fibrils likely were ordered structures, since Congo red staining 
resulted in green birefringence when visualized in a polarized light 
microscope (Divry and Florkin, 1927). Amyloid fibrils also give rise to a 
spectral red shift in fluorescence upon binding of thioflavin T (LeVine, 
1993). Common for all amyloid fibrils is also their physical appearance as 
straight, rigid and unbranched fibrils. Using electron microscopy (EM) and 
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atomic force microscopy (AFM), the diameter of the fibrils has been 
estimated to 70 to 140 Å, with length spanning from 1200 to 16000 Å 
(Cohen and Calkins, 1959; Cohen and Shirahama, 1973; Serpell, 2000). EM 
studies have also suggested that the fibrils are assembled from a defined 
number of protofilaments, which is determined by the amyloidogenic 
protein (Serpell, 2000).  

Examination of amyloid fibrils by X-ray fiber diffraction methods 
showed a strong meridional reflection at 4.7-4.8 Å, which corresponds to 
the approximate distance between two β-strands in a β-sheet (Kirschner et 
al., 1986; Nguyen et al., 1995; Sunde et al., 1997). Additionally, a strong 
equatorial reflection is found at 10 Å, likely describing the distance between 
two β-sheets. These results suggest a cross-β structure, where extended β-
sheets are formed by β-strands perpendicular to the fiber axis (Bonar et al., 
1969).  

In amyloid deposits in vivo, there are also other proteins present besides 
the specific amyloidogenic protein. The serum amyloid P component (SAP) 
is found in all amyloid deposits (Pepys, 2001), and seems to protect the 
fibrils from proteolysis (Tennent et al. 1995). Other examples of proteins 
often found associated with amyloid fibrils are sulfated glycosaminoglycans 
and apolipoprotein E, but the role of these proteins in amyloidogenesis is 
not clear (Pepys, 2001). 

Apart from amyloid fibril formation, amyloidosis is also associated with 
the formation of amorphous aggregates. Interestingly, in vitro studies on 
transthyretin, and the amyloid β peptide (Aβ) which is associated with 
Alzheimer’s disease, showed that small soluble oligomeric aggregates, in 
contrast to the amyloid fibrils derived from TTR and Aβ, were toxic to cells 
(Lambert et al., 1998; Sousa et al., 2001; Andersson et al., 2002). In 2003, 
Kayed and colleagues created an antibody with specificity towards toxic 
oligomeric species of many amyloidogenic proteins (e.g. Aβ, lysozyme, α-
synuclein), suggesting that a common conformational fold is found not only 
in amyloid fibrils, but also in amyloidogenic aggregates of different amyloid 
related proteins (Kayed et al., 2003). 
 

3. TTR-associated amyloidosis 
There are three clinical syndromes associated to transthyretin amyloidosis: 
familial amyloidotic polyneuropathy (FAP), familial amyloidotic 
cardiomyopathy (FAC), and senile systemic amyloidosis (SSA) (for reviews 
on TTR amyloidosis see: Saraiva, 1995; Hamilton and Benson, 2001).  
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3.1 Familial amyloidotic polyneuropathy 
Familial amyloidotic polyneuropathy (FAP) was first discovered and 
described by the portuguese physician Corino Andrade (Andrade, 1952). 
The reason for the syndrom was at that time unknown. In 1978, Costa and 
colleagues identified that TTR was the main component of the detected 
amyloid deposits (Costa et al., 1978). In 1983 it was determined that FAP is 
due to single point mutations in the TTR gene, of which V30M was the first 
to be discovered (Dwulet and Benson, 1983; Tawara et al., 1983). This 
variant has been found in Sweden, and due to higher prevalence in the 
northern parts, it is in Sweden sometimes referred to as “Skellefte-sjukan”.  

Today there are 100 different TTR mutations identified, (Connors et al., 
2003), and while most of them are associated with FAP or FAC, others are 
benign. The FAP mutations are positioned all over the TTR gene and 
structure, but with a “hot-spot” in the D-strand area (from the end of the C-
strand to the DE-loop) (Serpell et al., 1996; Eneqvist and Sauer-Eriksson, 
2001).  

FAP is a lethal disease associated with a large number of different 
clinical symptoms, i.e. peripheral sensorimotor neuropathy (usually starting 
with sensory neuropathy in lower extremities), carpal tunnel syndrome 
(numbness, tingling, weakness and pain in the hands), gastrointestinal 
dysfunction, heart conduction disturbances, and sometimes amyloid deposits 
in the vitreous body of the eye (for a review see: Ando et al., 2005). Large 
variations in clinical symptoms, penetrance, age of onset, and progress of 
the disease, are found between carriers of different FAP mutations (Ando et 
al., 2005; Plante-Bordeneuve and Said, 2000; Saraiva, 1995). Significant 
variations are even found between patients with identical FAP mutations. In 
Portugal, patients carrying the V30M mutation often display earlier onset 
(3rd instead of 5th decade), and much higher penetrance than swedish carriers 
(Sousa et al., 1995; Sousa et al, 1993; Holmgren et al., 2004). In Sweden 
there are even two cases of identical twins (who are heterozygous for the 
V30M gene), who display large differences in penetrance. In one of these 
twin pairs, one brother got onset of typical FAP symptoms at the age of 48 
and became severely affected by the disease, while the other brother still 
was free from symptoms 13 years later. Since the two brothers lived in the 
same neighbourhood and worked at the same factory, the only major 
environmetal factors which differ between the brothers were that the healthy 
brother had been less exposed to solvents at work, did not smoke, had taken 
daily doses of fish liver oil since early childhood, and had undergone a 
coronary bypass operation due to coronary heart disease (Holmgren et al., 
2004). For the second pair of brothers, no differences in environmental 
factors and lifestyle have been found. In this twin pair, the onset of 
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polyneuropathy occurred for one of them at the age of 34, while the second 
brother was free from symptoms three years later. In contrast to the two 
swedish twin pairs, a japanese pair of monozygotic twins with V30M, were 
concordant for both FAP symptoms and age of onset (Holmgren et al., 
2004).  

Currently, the only available treatment for FAP is liver transplantation 
(Holmgren et al., 1993; Skinner et al., 1994), which halts the progression of 
the disease through removal of mutant TTR production. 
 

3.2 Familial amyloidotic cardiomyopathy 
Familial amyloidotic cardiomyopathy (FAC) is associated with heavy 
amyloid deposition focused to the heart, leading to cardiac failure. As for 
FAP, FAC is caused by single point mutations in the TTR gene. The most 
common FAC mutation, V122I, is found in 3-4% of the african-american 
population, and is the most common of all TTR mutants (Jacobsson et al., 
1996; Afolabi et al., 2000). However, it is not yet clear why the V122I 
mutation leads to accumulation of fibrils in the heart rather than in the 
peripheral nerves. 
 

3.3 Senile systemic amyloidosis 
Senile systemic amyloidosis (SSA) involves the wild-type form of TTR 
(wtTTR), and is a very common form of systemic amyloidosis. Fortunately, 
SSA symptoms normally appear at high age, affecting about 25% of all 
people over 80 years of age (Cornwell et al., 1983; Westermark et al., 
1990). SSA is normally benign, leading to formation of deposits localized 
systemically in many organs. However, in some individuals it can give rise 
to heavy deposit formation in the heart, resulting in congestive heart failure 
(Pomerance, 1966). 
 

3.4 Models for TTR amyloid formation 
A pre-requisite for fibril formation is a conformational change of the 
involved protein (Kelly, 1996; Rochet and Lansbury, 2000), or proteolytical 
processing e.g. cleavage of amyloid-β precursor protein (APP) into 
amyloid-β peptide (Aβ), and of lactadherin to form medin (Glenner and 
Wong, 1984; Häggqvist et al., 1999). Many different models for TTR 
amyloid formation have been proposed. However, it is generally accepted 
that TTR amyloid formation starts with disruption of the TTR tetramer into 
momomers. Tetramer dissociation starts by separation into AB- and CD-
dimers, (and not into AC- and BD-dimers, or by sequential dissociation of 
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monomers), which further rapidly dissociate into monomers. These 
monomers are then believed to undergo a conformational change, which 
promotes the formation of amyloid fibrils (McCutchen and Kelly, 1993; Lai 
et al., 1996; Kelly, 1998; Nettleton et al., 1998; Quintas et al., 1999; Jiang et 
al., 2001; Wiseman et al., 2005; Foss et al., 2005). The building blocks of 
TTR amyloid fibrils have been suggested to be monomers (Quintas et al., 
1999; Blake and Serpell, 1996), dimers (Olofsson et al., 2001; Serag et al., 
2001; Olofsson et al., 2004; Karlsson et al., 2005), or tetramers (Eneqvist et 
al., 2000; Ferrão-Gonzales et al., 2000). 

As earlier mentioned, the area around β-strand D is considered a 
mutational “hot-spot” area for FAP mutations. It has been suggested that 
this area is involved in the structural changes required for amyloid 
formation (Lai et al., 1996). Data derived from deuterium/hydrogen 
exchange studies using nuclear magnetic resonance (NMR), suggest that 
dissociation of β-strands C and D from the structure exposes β-strands A 
and B, and allows these strands to participate in polymerization (Olofsson et 
al., 2004). 

To study the effects of point mutations in the TTR gene, and the 
mechanisms leading to amyloid formation, efforts have been made to create 
murine models of FAP, where the original mouse TTR gene has been 
replaced with human TTR variants, e.g. V30M (Takaoka et al., 1997). These 
mice have however failed to show identical expression pattern, and also 
failed to show many of the clinical symptoms associated with FAP. In 
human FAP patients, deposition of amyloid is focused at specific sites (e.g. 
peripheral nerves and gastro-intestinal tract), even though TTR is expressed 
in the liver and the choroid plexus. As in many human FAP patients, large 
amyloid deposits and non-amyloidogenic aggregates are formed in the 
gastro-intestinal tract in these mice. However, amyloid has not been found 
in peripheral nerve tissues of the murine FAP models (Takaoka et al., 1997).  

Nonetheless, amyloid formation in these mice clearly emphasizes the 
importance of the microenvironment for amyloid deposition. One of these 
environmental factors is hypothesized to be pH, as partial acid denaturation 
of TTR induces subtle conformational changes, leading to self-assembly of 
amyloid-like fibrils in vitro (Lai et al., 1996; Kelly, 1996; Kelly, 1998; 
Hammarström et al., 2003). 
 

3.5 Tetramer stability in TTR-associated amyloid formation 
Several studies have shown an inverse correlation between tetramer stability 
and propensity to form amyloid fibrils (Peterson et al., 1998; Hammarström 
et al, 2001; Hammarström et al., 2002). When comparing different TTR 
mutants, thermodynamic stability in combination with tetramer dissociation 
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kinetics indicate the rate of amyloid formation and thereby also age of onset 
in patients (Hammarström et al., 2002). The mutation L55P, which is 
associated with the most severe form of FAP with early onset and 100% 
penetrance, both destabilizes the tetramer and increases the rate of monomer 
accumulation. The V30M mutation results in tetramer destabilization but 
has similar dissociation kinetics as wtTTR, and therefore leads to a less 
severe form of the disease than L55P, and is associated with incomplete 
penetrance. Furthermore, the V122I mutant displays late onset and is of 
intermediate severity, but with almost 100% penetrance. V122I has 
thermodynamic stability close to that of wtTTR, but also, like L55P, has an 
increased tetramer dissociation rate.  

There also exist protective non-amyloidogenic TTR mutants. T119M 
has increased thermodynamic stability and a 40-fold decreased dissociation 
rate, in comparison to wtTTR (Hammarström et al., 2002). In heterozygots 
carrying the T199M mutation and the amyloidgenic FAP mutation V30M 
on different alleles, T119M has been found to suppress disease and amyloid 
formation (Almeida et al., 2000). In vitro studies have showed that 
incorporation of one or more T119M monomers into mixed tetramers of 
wild-type or V30M TTR, results in kinetic stabilization and inhibition of 
fibril formation (Hammarström et al., 2001). 

Inhibition of in vitro amyloid formation through tetramer stabilization is 
also achieved by thyroxine binding (Miroy et al., 1996), and by interaction 
with holoRBP (White and Kelly, 2001). Furthermore, small molecule 
inhibitors which stabilize the tetramer, is currently the most promising 
method for treatment of FAP patients (Wiseman et al., 2005; Miroy et al., 
1996; Baures et al., 1999; Klabunde et al., 2000). 
 

4. The transthyretin-related protein family 
During our work on TTR we identified a highly conserved novel protein 
family predicted to be structurally related to transthyretin, and we named it 
the transthyretin-related protein (TRP) family. At the time this project 
started, no function was associated with the TRP proteins. In contrast to 
TTR, which so far only has been identified in vertebrate species, TRP 
family members are found in bacteria, fungi, plants and animals (also 
including vertebrates). Currently we have identified 91 TRP sequences from 
86 different species. However, no expressed and functional TRP gene seems 
to be present in humans (Paper II). A characteristic four amino acid C-
terminal motif, most often YRGS, separates the TRPs from TTR, and also 
from other sequences listed as TTR-like in databases.  
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Aims 
* To get information about the structural changes involved in TTR amyloid 
formation, and to investigate if structural knowledge about TTRs from other 
species than human could provide valuable information.  
 
* To determine the X-ray crystallographic structure of TTR from Gilthead 
sea bream (Sparus aurata), in its apo form and in complex with two thyroid 
hormones T3 & T4. The aim was to reveal the structural differences that give 
rise to the difference in hormone specificity between human and piscine 
TTR. The fish TTR structure was chosen because piscine TTR, at the time 
for our experiment, showed the lowest sequence identity to human TTR 
than any of the identified TTR variants. 
 
* To investigate the biochemical and biophysical properties, and determine 
the three-dimensional structure of the transthyretin-related protein (TRP) 
from Escherichia coli, to acquire clues about the function of this novel 
protein family. Protein members of the TRP family is found in all types of 
species except higher vertebrates, and it is therefore likely to perform an 
important function. 
 
* To combine information about sequence, stability and other properties for 
Escherichia coli TRP, human TTR and piscine TTR, in an effort to attain 
increased knowledge about amyloid formation in TTR. 
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Results and Discussion 

5. Transthyretin from Gilthead sea bream (Paper I) 
Transthyretin has been identified in a large number of vertebrate species. 
When we started this project, TTR from Gilthead sea bream (Sparus aurata) 
was the most distantly related TTR family member, in relation to human 
TTR (Fünkenstein et al., 1999; Santos and Power, 1999). We have 
performed structural, biochemical, and biophysical characterization of the 
sea bream TTR protein to attain clues about the amyloid formation 
phenomenon in TTR. This will also be discussed further in Chapter 7 (Paper 
IV).  

Crystal structures have been solved for human (Blake et al., 1978), rat 
(Wojtczak, 1997) and chicken TTR (Sunde et al., 1996), but the structural 
differences leading to altered thyroid hormone preference of TTR, from T4 
in mammals and marsupials, to T3 in birds, amphibians, reptiles and fish 
TTR, were not determined (Chang et al., 1999; Santos and Power, 1999; 
Prapunpoj et al., 2000; Prapunpoj et al., 2002). Additionally, no structure of 
TTR in complex with T3 had been determined.  
 

5.1 The structure of sea bream TTR 
We solved the X-ray crystallographic structure of sea bream TTR at 1.75 Å 
resolution, and in complex with T3 and T4, both at 1.9 Å resolution (Paper 
I). The overall structure of fish TTR is very similar to human (Fig. 3a), rat, 
and chicken TTR, and superimposing residues 12-98 and 104-123 of fish 
and human TTR results in root mean square deviations of 0.71 Å for the 
main chain atoms. Besides some expected minor differences in the flexible 
loop regions, the largest difference between human and fish TTR is found in 
the area around β-strand D. Instead of a proper D-strand, sea bream TTR 
forms an extended loop region, and lacks two of the three hydrogen bonds 
that exists in the D-strand of human TTR. A novel water molecule (W39, 
W40, W139 and W140 in monomer A, B, C and D, respectively), 
participates in the hydrogen-bonding network in this area. This is interesting 
due to the involvement of the D-strand in human TTR amyloidosis, which 
for example is demonstrated by the FAP mutation L55P, which is directly 
positioned in the D-strand, and which represents the most amyloidogenic 
variant of the naturally occuring FAP mutants (Jacobson et al., 1992).  
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5.2 Binding of thyroid hormones to sea bream TTR 
Previously, the X-ray crystallographic structures of TTR in complex with T4 
have been solved for both human and rat TTR (pdb code: 2ROX, Wojtczak 
et al., 1996; pdb code: 1IE4, Wojtczak et al., 2001). The structure of the sea 
bream TTR-T4 complex displays a similar binding mode of T4, as in the rat 
and human TTR structures. However, in fish the thyroxine molecule is 
situated ∼1 Å closer to the entrance of the hormone binding pocket (Fig. 
3b). 

In the thyroid hormone binding site two different binding modes were 
revealed for T3. While a small fraction of T3 displays binding with identical 
position as for T4, the major fraction of the T3 ligands binds at a novel 
position of the protein (Fig. 3c). In this binding mode, the outer ring iodine, 
I3’, is coordinated to the position normally occupied by the hydroxyl group, 
O4’, of the T4 ligand. Due to steric hindrance of the fourth iodine atom, I5’, 
this site is not available for T4 binding in fish TTR. 
 

 
 
Figure. 3. (A) Cα trace of sea bream TTR (cyan) superimposed over human TTR (dashed 
black line). (B) Thyroxine binding to fish (dark blue), human (light gray) and rat TTR (light 
blue). (C) Binding of T3 (red) and T4 (dark blue) to sea bream TTR. 
 

5.3 Differences in thyroid hormone preference 
It has earlier been suggested that differences in thyroid hormone preference 
between various species are due to properties of the N-terminal end of TTR, 
which in species with preference for T3 over T4 is extended by three amino 
acids (Power et al., 2000; Chang et al., 1999). A chimeric variant of 
crocodile TTR, where the N-terminal (residues Ala1-Lys9) was replaced 
with that of african clawed frog TTR, was shown to have different affinity 
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for the thyroid hormones than both crocodile and frog TTR. This suggests 
that the N-terminal is involved in determination of thyroid hormone 
preference. However, as observed in the apo TTR structures, the N-
terminals of TTR in complex with thyroid hormones also appear to be very 
flexible, and the position of the N-terminal residues were not possible to 
determine.  

Interestingly, when comparing the human and fish TTR, we noticed a 
difference in the shape of the thyroid hormone binding channels, explaining 
the discrepancy in hormone preference between human and fish TTR. The 
inner part of the cavity, which surrounds the phenolic and tyrosyl rings of T3 
and T4,  is ∼1 Å narrower in sea bream TTR. However, the entrance of the 
hormone binding cavity, surrounding the alanyl group, is ∼1-1.5 Å wider in 
the fish structure. The hormone binding cavity of chicken TTR has a similar 
overall shape as in fish. This further supports our suggestion that these 
structural characteristics are coupled to preference of T3. As the hormone 
binding channel is composed of highly conserved residues, these structural 
differences must be due to the amino acid substitutions present in the 
hydrophobic core of the β-barrel. 
 

6. The transthyretin-related protein family        
(Paper II and III) 
During our work with TTR we identified a novel protein family, which we 
named the transthyretin-related protein (TRP) family. TRP family members 
are found in a large variety of species, including bacteria, fungi, plants and 
animals (including vertebrates, e.g. mouse (Mus musculus) and rat (Rattus 
norvegicus)). Currently, 91 TRP sequences have been identified from 86 
different species. However, humans seem to lack a functional TRP gene. 

Naturally, we wanted to characterize the TRPs further. Since TRP 
family members are found in a very diverse set of species, it seemed likely 
that they perform an important function. We therefore cloned, expressed, 
purified, and biochemically characterized the TRP from Escherichia coli 
(E.coli) (Paper II). Furthermore, we solved the structure of E.coli TRP at 
1.65 Å resolution (Paper III). 
 

6.1 General properties of the TRP family and EcTRP 
The mature transthyretin-related protein from Escherichia coli (EcTRP), 
which also is called YedX, consists of 114 amino acids. All identified TRP 
sequences are mostly of fairly equal size with a few exceptions, e.g. some 
mold and yeast species that have a somewhat longer DE-loop. A sub-family 
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of TRP is found in some plants (e.g. Arabidopsis thaliana), which is now 
referred to as the transthyretin-like protein (TTL) family. In TTLs the TRP 
part is preceded by ~200 amino acids, suggested to be involved in regulation 
of the transmembrane brassinosteroid receptor (Nam and Li, 2004). The 
TRP family is separated from TTR, but also from other sequences listed as 
TTR-like in databases, by the four amino acid C-terminal motif Y-[R/K]-G-
[S/T] (Fig. 4). 

Size exclusion chromatography, SDS-PAGE analysis, and mass 
spectrometry, showed that EcTRP is a homotetramer of 52 kDa, with four 
identical monomers of 13 013 Da. Differences in size between EcTRP and 
human TTR (hTTR) is mostly located in the N- and C-terminal (Fig. 4). 
EcTRP shows 30% amino acid sequence identity to hTTR, and while hTTR 
has been reported to have an isoelectric point (pI) of 4.6-4.95 (Pettersson et 
al., 1987), EcTRP has a pI of ∼8.2-8.4.  
 

 
 
Figure. 4. Sequence alignment of hTTR and EcTRP. Sequence identity between EcTRP 
and hTTR is 30%. Residues showing over 95% identity between the 91 idenfied TRP 
sequences (from 86 species) are shown in dark green. Positions with over 95% similarity 
are shown in light green. For TTR (from 24 species), residues showing over 95% identity 
and similarity are shown in dark and light blue, respectively. Similarity was defined 
according to FYW, IVLM, RK, DE, GA, TS and NQ. Numbering is shown for both 
proteins (excluding signal peptides). β-strands are shown as green (TTR) and blue (EcTRP) 
arrows, and the α-helix is displayed as a red box. Residues in EcTRP with their side chains 
in the putative ligand binding site are marked with green stars. 
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6.2 The structures of EcTRP and hTTR are very similar 
Despite their low amino acid sequence identity (30%), the overall structure 
of EcTRP is very similar to hTTR. Like hTTR, EcTRP contains eight anti-
parallel β-strands and one short α-helix (Fig. 5a), and dimerizes through 
main-chain main-chain hydrogen bonds formed between residues in the H-
strands (Tyr106-Arg112), and between side-chains of F-strand residues 
(Glu83-Glu87). Tetramers are formed mainly through hydrophobic contacts 
between residues in the AB- and GH-loops. 

Structural dissimilarities between EcTRP and hTTR are mostly found at 
surface exposed loops. The number of conserved and structurally stabilizing 
water molecules present in the hydrophobic core, and buried within and 
between monomers, differs significantly between the two species. The TRP 
structure seems more compact, which possibly affects tetramer stability. 
This will be further discussed in Chapter 7 (Paper IV). 
 

 
 
Figure. 5. (A) Structure of the EcTRP tetramer. The 18 bound zinc ions are shown as gray 
spheres. Residues interacting with the zinc ions are shown as sticks. Sulfate ions in the 
structure are shown as ball and sticks. (B) Residues over 95% conserved between all 
identified TRP sequences, which have amino acid substitutions in comparison to hTTR. (C) 
Residues conserved between EcTRP and hTTR. 
 

6.3 Function of TRP 
The function of the members of the TRP family is not established. After 
confirmation of expression of a TRP gene in the nematode Caenorhabditis 
elegans, we performed a RNA interference experiment to examine the 
effects of silencing of the TRP gene. However, no obvious phenotype could 
be detected (Paper II).  
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We have also experimentally verified that EcTRP does not bind to T3 or 
T4. Whereas the electrostatic surface potential of the hormone binding 
channel in TTR is predominantly negative, the corresponding area in EcTRP 
is positive, providing an explanation to the lack of thyroid hormone binding 
in TRP. Furthermore, almost all residues showing over 95% conservation 
within the TRP family, but with amino acid substitutions in comparison to 
hTTR are found in this area (Fig. 5b). It is therefore likely that this region 
also is important for TRP function. Residues conserved between hTTR and 
EcTRP are presumably only of structural importance (Fig. 5c). 

Conserved TRP-specific residues found at the putative ligand binding 
site include the characteristic C-terminal Y-[R/K]-G-[S/T] motif (residues 
111-114), and the side-chains of His9, Arg47 and His98. Two Tyr111 
residues are situated in the innermost part of the hydrophobic channel, and 
directly interact with each other through hydrogen bonds between their 
respective hydroxyl groups (Fig. 6a). Together with two Leu102 residues, 
the Tyr111 residues effectively block the inner part of the cavity. 
Furthermore, the overall shape of the channel is more shallow and wide in 
TRP, in comparison to the thyroid binding channel in TTR (Fig. 6ab).  
 

 
 
Figure. 6. (A) The putative ligand binding site of EcTRP. The entrance to the ligand 
binding site is broader in EcTRP than in hTTR (B). However, the inner parts are closer 
together, suggesting a smaller ligand and a different binding mode in EcTRP. A thyroxine 
molecule is superpositioned in both structures to further display the difference. Zinc ions 
and water molecules are shown as blue and red spheres, respectively.  
 

The H-strand in EcTRP is shorter than in hTTR. Arg112 extends in the 
same direction as the H-strand in hTTR, thereby compensating for the 
otherwise lost hydrogen bonds to the G-strand. The smaller cavity in TRP 
suggests a different type of ligand binding than in TTR (Fig. 6b). Ligand 
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interaction could possibly involve His9, Arg47 and His98, in combination 
with the C-terminal residue Ser114, whose mobility is likely enhanced by 
Gly113. 

The N-terminal, which in TTR is suggested to be involved in hormone 
binding, is shorter in EcTRP, but still in the vicinity of the putative ligand-
binding, or active site. However, the first N-terminal residues to be 
conserved within the TRP family are Leu and Ser at position 6 and 7 in 
EcTRP (with over 95% similarity), and His9 (over 95% identity). The 
importance of this part of TRPs remains to be determined. 

To achieve diffracting crystals of EcTRP, addition of zinc to the 
crystallization media was required. Interestingly, five zinc sites were 
identified per TRP monomer. Three of these are positioned at the putative 
ligand interaction site, interacting with His9, His96, His98, and Ser114. By 
soaking the crystals with sodium bromide prior to data collection we also 
identified specific bromide binding sites. Bromide ions strongly interact 
with the zinc ions bound to the conserved residues His9 and His98, by 
replacing one of the two zinc bound water molecules.  

Interestingly, many zinc enzymes e.g. carbonic anhydrase, are known to 
be inhibited by binding of mono-valent ions to the active site zinc. 
However, a metal binding assay using inductively coupled plasma sector 
field mass spectroscopy, showed no signs of specific metal ion binding to 
over-expressed EcTRP, suggesting that the ion binding might be unrelated 
to protein function. 

During recent years, studies performed by other groups have suggested 
that TRP might be involved in purine metabolism (Fig. 7). In Bacillus 
subtilis, the TRP gene pucM was shown to be essential for urate oxidase 
(uricase) function (Schultz et al., 2001), and it co-expresses with the 
putative uricase gene pucL, and with two genes (pucJ and pucK) suggested 
to function in transport of uric acid into the cell. 

It was previously believed that allantoin was the product of uricase 
activity on uric acid. Interestingly, recent studies have shown that the actual 
product is 5-hydroxyisourate (HIU) (Fig. 7) (Kahn et al., 1997). In two 
separate studies, TRP was proposed to function as a 5-hydroxyisourate 
hydrolase (HIUhase), performing enzymatic hydrolysis of HIU into 2-oxo-
4-hydroxy-4-carboxy-5-ureidoimidazoline (OHCU) (Lee et al., 2005b; 
Ramazzina et al., 2006). HIUhase activity of TRP is concordant with the 
identification of a peroxisomal targeting signal in TRPs of metazoan 
species, since uricase activity resides in peroxisomes (Ramazzina et al., 
2006; Swinkels et al., 1991; Hayashi et al., 2000). However, analysis of 
expressed sequence tags (ESTs) in mouse also showed that alternative 
transcripts were expressed, lacking the peroxisomal targeting singal 
(Ramazzina et al., 2006). Furthermore, at neutral pH, HIU spontaneously  
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Figure. 7. Overview of purine catabolism in different species. 
 
converts to allantoin in 30 minutes in vitro, generating a racemic mixture of 
(R)- and (S)-allantoin. Further in vitro racemization to (S)-allantoin takes 
10h at neutral pH. Allantoinase is specific for (S)-allantoin, which explains 
the existence of TRP in species carrying a functional allantoinase.  
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For species carrying uricase but lacking allantoinase, the ability to 
rapidly convert uric acid, which has low solubility in water and serum, into 
the much more soluble allantoin molecule, is likely advantageous. The low 
solubility of uric acid may in human, which lacks uricase, lead to formation 
of urate crystals in the joints or the kidney, which is associated with gout or 
kidney stone formation, respectively (Hyon et al., 2005; Coe et al., 2005). 

In one of the studies which identified HIUhase function of TRP, an 
additional gene family evolutionary linked to uricase was identified 
(Ramazzina et al., 2006). It seems like all species that carry a functional 
uricase gene, consistently carry not only TRP (HIUhase), but also OHCU 
decarboxylate. The fact that no species have been identified that express 
uricase but lack TRP and OHCU decarboxylase, even though the non-
enzymatic conversion of HIU also forms allantoin in vitro, suggests that the 
enzymatic conversions of HIU to OHCU, and of OHCU to allantoin, are 
very important. However, why uricase exist in mouse, rat, amphibians, fish, 
and various bacterial species, but not in humans, apes, birds, reptiles, and 
some yeast and bacterial species, remains to be determined. Potentially 
functional TRPs and OHCU decarboxylases are often also found in species 
lacking a functional uricase. As for TRPs, most eucaryotic OHCU genes 
(except from plants) contain a peroxisomal targeting signal (Ramazzina et 
al., 2006; Gould et al., 1987). Interestingly, from sequence similarity it was 
suggested that the ~200 amino acid part preceding the TRP specific part of 
TTLs in many plants (e.g. in Arabidopsis thaliana), could constitute a 
OHCU decarboxylase (Ramazzina et al., 2006). However, studies 
performed in A. thaliana suggest a function of TTLs as negative regulators 
for brassinosteroid mediated plant growth (Nam and Li, 2004), in which the 
N-terminal seems to have an essential role. Further studies are needed to 
determine if this part may also function as OHCU decarboxylase in plants. 
 

6.4 Hypothetical substrates of TRPs 
To produce HIU, uricase has to be added to uric acid in solution. As earlier 
mentioned, HIU is very unstable and quickly converts to OHCU and 
allantoin in vitro. Due to this rapid non-enzymatic conversion, HIU is 
difficult to work with, and cannot be studied without the presence of 
uricase. For these reasons, an alternative substrate for biochemical and 
biostructural studies on TRP would be advantageous.  

Diaminouracil, which is similar to HIU (Fig. 8a), is reported to serve as 
a slow substrate for a non-TRP HIUhase from soybean (Glycine max) 
(Raychaudhuri and Tipton, 2003; Sarma et al., 1999).  
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Figure. 8. (A) Diaminouracil, which works as an alternative substrate for soybean 
HIUhase. (B) Proposed TRP function. (C) Function of dihydroorotase. (D) Active site of 
dihydroorotase, with the substrate/product L-dihydroorate (pdb code: 1XGE, Lee et al., 
2005a). Zinc ions are shown as blue spheres, and the water molecule as a red sphere. 
 
The reported Km for diaminouracil with the soybean HIUhase is 210 ± 5 
µM, with a turnover of 1.6 min-1, in comparison to the values for HIU with 
Km = 15 µM and a turnover number of 660 min-1 (Raychaudhuri and 
Tipton, 2003). Diaminouracil is much more stable than HIU, and also 
commercially available, and could likely be used for biostructural, 
biochemical and functional studies, e.g. to determine if TRPs have the 
ability to perform HIUhase activity also in the absence of uricase. 
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The non-TRP soybean HIUhase displays no significant sequence 
identity to members of the TRP family. However, soybean and other 
tropical legumes have a very sophisticated system to obtain nitrogen via 
symbiosis with Bradyrhizobium bacteria, and store up to 95% of the 
nitrogen in xylem sap as allantoin and allantoate. It is therefore not 
unreasonable that these plants have developed a specific HIUhase 
(Raychaudhuri and Tipton, 2002). In soybean HIUhase, two conserved 
glutamate residues are found to be essential for HIUhase function. No 
negatively charged residues are conserved within the TRP family, 
suggesting HIUhase activity is performed differently in soybean HIUhase 
and in TRPs.  

Interestingly, during metabolism of pyrimidine nucleotides the enzyme 
dihydroorotase performs a reaction similar to HIU breakdown (Fig. 8bc). 
Dihydroorotase catalyzes the reversible cyclization of N-carbamoyl L-
aspartate to L-dihydroorotate (Fig. 8c) (Porter et al., 2004). In the active site 
of dihydroorotase from E.coli, there are four histidines and one aspartic 
acid, which coordinate two zinc ions. A post-translationally carboxylated 
lysine residue and a water molecule provide additional bridging interactions 
between the two zinc ions. The substrate/product L-dihydroorate is 
positioned close to the zinc ions and the water molecule, and further 
interacts with an arginine on the opposite side (Fig. 8d) (Lee et al., 2005a). 
It is tempting to speculate that the function of EcTRP is performed in a 
similar way as in dihydroorotase, due to the two conserved histidine 
residues (His9, His98), found in the putative active site of EcTRP, which 
have confirmed ability to coordinate a zinc ion, and the arginine (Arg47) 
within reach for potential substrate binding on the opposite side (Fig. 6a). 
However, this needs to be experimentally verified. 
 

7. Studies of stability and amyloid formation of 
TTR/TRP (Paper IV) 
To attain information about the mechanism of TTR amyloidosis, structural 
analyses of different TTR variants, in combination with biochemical and 
biophysical studies, can provide valuable information. However, except for 
the artificial highly amyloidogenic G53S/E54D/L55S mutant (Eneqvist et 
al., 2000), no significant structural differences have been found between 
wild-type TTR and amyloidogenic mutants (Hörnberg et al., 2000). We 
therefore examined the properties of hTTR relative to the more distantly 
related proteins fishTTR and EcTRP.  
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7.1 Partial acid denaturation studies 
Amyloid fibril formation is known to require partial unfolding of the native 
state of the protein. We performed partial acid denaturation experiments on 
hTTR, fishTTR and EcTRP, following a protocol commonly used to induce 
in vitro fibril formation of hTTR (Lai et al., 1996). As expected, hTTR 
formed amyloid-like fibrils in vitro, as determined by atomic force 
microscopy (Fig. 9). Interestingly, fishTTR did also form in vitro fibrils 
(Fig. 9), even though the mature form (lacking signal peptide) only displays 
52% sequence identity to mature hTTR. No in vitro fibrils were detected for 
EcTRP, indicating that EcTRP does not form fibrils under these conditions 
(Fig. 9). Due to the large difference between the isoelectric points (pI) of 
EcTRP (8.2-8.4) and hTTR (4.6-4.95), EcTRP was incubated also at high 
pH values (7 to 12), but still did not seem to generate in vitro fibrils.  
 

 
 
Figure. 9. AFM images of protein samples incubated 72 h at 37 ºC, pH = 2. Fibrils were 
detected for hTTR (left) and fishTTR (middle). No EcTRP fibrils could be detected (right). 
 

It has previously been shown that thermodynamic stability and tetramer 
dissociation kinetics are important factors for the amyloidogenic behaviour 
of different TTR variants (Hammarström et al., 2002). TTR mutants with 
low thermodymanic stability and high tetramer dissociation kinetics, e.g. 
L55P, are associated with early onset and high penetrance. Even though 
V30M has similar thermodynamic stability as L55P, it displays milder 
disease phenotype due to slower tetramer dissociation kinetics. 

We analysed the tetramer stability at low pH by polyacrylamide gel 
electrophoresis (PAGE) in presence of sodium dodecyl sulfate (SDS) and β-
mercaptoethanol (BME). Human TTR tetramers are reported to dissociate 
into monomers at pH around 5 (Lai et al., 1996), while fishTTR and EcTRP 
are completely converted to monomers around pH 4 and pH 3, respectively 
(Paper IV). 
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We also examined the thermodynamic stability of hTTR, fishTTR and 
EcTRP using differential scanning calorimetry. Tetramer dissociation 
occured at 97.8 ºC for hTTR, 93.0 ºC for fishTTR, and 66.7 ºC for EcTRP 
(Fig. 10). The very large difference in thermodynamic stability between 
hTTR and EcTRP, and the lack of amyloid fibril formation of EcTRP, are 
very interesting and surprising. To attain further information about the 
properties of these proteins, tetramer dissociation kinetics will be 
determined, for example by urea-mediated denaturation and tryptophan 
fluorescence measurements, as previously described (Hammarström et al., 
2002). 
 

 
 
Figure. 10. Differential scanning calorimetry results for hTTR, fishTTR and EcTRP. 
Tetramer dissociation occurs at significantly lower temperature for EcTRP than for 
fishTTR and hTTR. 
 

The fact that hTTR and fishTTR form amyloid fibrils and EcTRP does 
not, means that these proteins can serve as a model system for further study 
of amyloid formation. Structural differences, for example that the H-strand 
is shorter in EcTRP than in hTTR and fishTTR, may effect tetramer 
stability. Further studies, for example structural analyses, tetramer 
dissociation kinetic experiments, alternative techniques to produce amyloid 
fibrils in vitro, e.g. incubation of protein samples in presence of methanol, 
on these three proteins are currently performed to attain more information 
about the mechanism of amyloid formation. 
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Conclusions 
* We provide a structural explanation for the difference in thyroid hormone 
preference between human and piscine transthyretin (TTR). The thyroid 
hormone binding channel of piscine TTR has a wider entrance and a 
narrower cavity, which result in a less efficient interaction with thyroxine. 

 
* We identified a novel protein family, which we named the transthyretin-
related protein family due to its structural similarity to transthyretin. We 
have determined the three-dimensional structure of Escherichia coli TRP 
(EcTRP), and identified the putative ligand interaction sites, which are 
situated at the site corresponding to thyroid hormone binding in TTR.  
 
* We have determined that piscine TTR, as human TTR, can form amyloid-
like fibrils in vitro under partial acid denaturation conditions, even though 
48% of the amino acids in piscine TTR is different from human TTR. 
However, EcTRP did not seem to form amyloid-like fibrils in these 
conditions. 
 
* The fact that human and piscine TTR form amyloid-like fibrils in vitro, 
while EcTRP does not, suggest that these proteins can be used as model 
system for further studies of the amyloid formation mechanism. 
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