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Abstract  
 

Familial Amyloid Polyneuropathy (FAP) disease is a hereditary amyloidosis caused by 

mutations in the plasma protein transthyretin (TTR). The aim of this work was to develop a tool to 

identify compounds that modulate phenotypes caused by TTR variants with the potential to become new 

targets for therapeutical application for FAP. This platform was developed using Saccharomyces 

cerevisiae as a cellular model expressing wild-type TTR and the TTR variants Leu12Pro, Val30Met, 

Leu55Pro and Thr119Met. Steps to validate and characterize of this model are presented. Toxicity of TTR 

variants was studied in wild-type yeast and in knock-out (KO) deletion strains for ER (endoplasmic 

reticulum) stress associated genes (hac1Δ, dfm1Δ, ire1Δ and cwh41Δ). TTR expression in yeast was 

confirmed. TTR toxicity assays revealed no growth delay when expressing TTR in wild-type yeast. No 

cell growth delay was observed in hac1Δ, dfm1Δ and cwh41Δ expressing TTR. Ire1Δ expressing TTR-

L12P and V30M showed similar growth. Preliminary evidences were obtained of a slight growth delay 

due to WT TTR expression in ire1Δ but this result needs further validation. Preliminary studies were 

performed aiming to the development of a yeast model to investigate cellular consequences of the 

interaction of TTR and the Aβ42 peptide involved in the progression of Alzheimer’s disease. However, 

native Aβ42 is not detected in yeast protein extracts by western blot. This line of work will continue with 

Aβ42 in fusion.  

Hopefully in a later stage, this platform using yeast as a model organism will provide new 

insights and therapeutic strategies in FAP pathology. 

 

Keywords: Amyloidosis, Familial Amyloidotic Polyneuropathy (FAP), Transthyretin (TTR), yeast 

Saccharomyces cerevisiae, β-amyloid (Aβ)  
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Resumo  
 

A Polineuropatia Amiloidótica Familiar (PAF) é uma doença causada por mutações na proteína 

plasmática transtirretina (TTR). No presente trabalho desenvolveu-se uma ferramenta para identificar 

compostos que modulam fenótipos causados por variantes da TTR e que poderão tornar-se novos 

fármacos com aplicação terapêutica. Esta plataforma foi desenvolvida utilizando como modelo celular a 

levedura Saccharomyces cerevisiae expressando TTR tipo selvagem (WT) e as variantes Leu12Pro, 

Val30Met, Leu55Pro e Thr119Met. Realizaram-se validações e caracterizações deste modelo. Efectuou-

se um estudo da toxicidade das variantes de TTR quando expressas em leveduras do tipo selvagem e 

deletadas (KO). As leveduras deletadas continham delecções em genes associados ao stress do Retículo 

Endoplasmático (ER stress) (hac1Δ, dfm1Δ, ire1Δ e cwh41Δ). A expressão de TTR em levedura foi 

confirmada. Não se observaram fenótipos de toxicidade ao expressar TTR em levedura do tipo selvagem, 

hac1Δ, dfm1Δne cwh41Δ. As leveduras ire1Δ apresentaram um crescimento semelhante ao expressar 

TTR-L12P e V30M. Resultados preliminares a confirmar indicaram um ligeiro atraso no crescimento da 

estirpe ire1Δ ao expressar TTR WT. Efectuaram-se ainda estudos iniciais para o desenvolvimento de um 

modelo em levedura para investigar as consequências celulares da interacção da TTR e do péptido Aβ42 

envolvido na progressão da doença de Alzheimer. Aβ42 nativa não foi detectada nos extractos proteicos 

de levedura através da técnica western blot. Esta linha de trabalho continuará com Aβ42 em fusão. 

Numa fase posterior esta plataforma, utilizando leveduras como um organismo modelo, poderá 

abrir novas perspectivas e indicar novas estratégias terapêuticas na cura de doenças como a FAP. 

 

Palavras Chave: Amiloidose; Polineuropatia Amiloidótica Familiar (PAF); Transtirretina (TTR); 

Levedura Saccharomyces cerevisiae; β-amiloide (Aβ) 
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1.1 Amyloidoses 

 

The term amyloidoses encompasses a large group of diseases defined by the extracellular 

deposition of insoluble and toxic proteins that accumulate in tissues (Grateau, 2005). These extracellular 

deposits, called amyloids, depending on each disease, origin from diverse and distinct plasma proteins, 

but have common features.  

Amyloidosis first classified the group of diseases that have amyloid deposits at the basis of the 

pathology (Pepys, 2006). This line of thought is still followed by many authors currently. However, other 

authors, online with more recent discoveries, consider that amyloidoses should be included in a larger 

group of disorders designated as protein misfolding disorders, which also comprises Parkinson’s (PD) and 

Alzheimer’s (AD) (Chiti & Dobson, 2006). 

In strict sense amyloid exhibits a beta core structure that stains with Congo red and that binds to 

thioflavin T identified by apple green if observed under polarized light or red under normal light and 

observed on the microscope (Kyle, 2011). These proteins appear amorphous and homogeneous and also 

acquire misfolded states which tend to the formation of rigid fibril aggregates with undefined length and 

width in the range of 7.5 to 10 nm (Kyle, 2011). A constituent of amyloid deposits is the 25kDa 

pentameric glycoprotein, Serum amyloid P (SAP) (Merlini & Belloti, 2003). SAP is thought to be 

involved in the pathogenesis of amyloidosis as is protected against proteolysis and thus makes the 

principal component of amyloid deposits, the amyloid fibrils, resistant to degradation (Merlini & Belloti, 

2003). 

Although amyloid deposits are a common feature of amyloidoses, the pathway for their 

formation varies among the different kinds of amyloids (Falk et al., 1997). These can be classified in two 

types according to the localization: multi-systemic amyloidosis or localized amyloidosis. In the first one, 

the precursor protein is synthesized in one or more organs and is carried through the bloodstream to a 

different location, affecting several tissues through the body. Localized amyloidoses are diseases in which 

the amyloid protein is synthesized in a localized area or tissue of the body and deposited in the same 

tissue or organ (Benson, 2001). In any case, amyloid deposits can be identified by their two capital letter 

code name, being the first letter A, that stands for amyloid, and the second letter for the protein that 

deposit in the tissues. The multi-systemic amyloidoses include amyloid light chain (AL) amyloidosis or 

primary amyloidosis, Amyloid A protein (AA) amyloidosis or secondary amyloidosis and Transthyretin-

mediated (ATTR) amyloidosis or hereditary amyloidosis (Falk et al., 1997; Dubrey et al., 2011) – all 

represented in Figure 1.1.  

Among the systemic amyloidoses mentioned previously, secondary amyloidosis is the most 

common worldwide (Dubrey et al., 2011). 

http://en.wikipedia.org/wiki/Amyloid
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Figure 1. 1 - Representation of the localization of amyloid deposition for three types of amyloid. AL (light chain 

amyloidosis), AA (secondary amyloidosis), FAP-TTR (transthyretin-mediated familial amyloidosis polyneuropathy). 

The intensity of the colour indicates the probability of organ involvement due to amyloid deposition. Legend: ANS – 

autonomic nervous system, BM – bone marrow, CT – Carpal tunnel, GIT – gastrointestinal tract, H – hearth, K – 

kidneys, L – liver, L’s – lungs, PNS – peripheral nervous system, S – spleen, T – tongue enlargement, TH - thyroid 

(Adapted from Dubrey, 2011). 

The AL amyloidosis is a disease caused by the aggregation of amyloid fibrils of monoclonal 

immunoglobulin (Ig) light chains and affects both men and women with the same incidence with usual 

symptoms onset at ages between 60 and 65 (Dubrey et al., 2011; Saraiva; 2002). In this disease the 

amyloid fibrils deposit in multiple organs including hearth (60-90%), kidney (74%), liver (27%), 

peripheral nervous system (PNS) (22%) and autonomic nervous system (18%) (Dubrey et al., 2011; 

Saraiva; 2002). In AA amyloidosis the precursor protein is the serum amyloid A (SAA) and it involves 

deposition in the liver, spleen and predominantly in the kidneys (Dubrey et al., 2011; Saraiva; 2002). 

Finally, hereditary transthyretin amyloidosis is a disease caused by the plasma protein transthyretin and 

affects mostly the PNS (Dubrey et al., 2011). This disease will be described in detail in chapter 1.2. 

Amyloidoses are incurable diseases that can be either hereditary, if due to an amyloidogenic 

variant protein encoded by a mutant gene, or acquired, if due to a higher expression of a normal protein 

with amyloidogenic potential or expression of an abnormal protein as a result of a preexisting disease 

(Pepys, 2006). Hereditary amyloidoses are rare and lethal disorders very difficult to treat and are mostly 

caused by mutations in a plasma protein, transthyretin (TTR), being familial amyloidotic polyneuropathy 

(FAP) the most common of these (Pepys, 2006). Besides FAP, other hereditary amyloidosis have been 

reported such as senile systemic amyloidosis (SSA), also termed as senile cardiac amyloidosis (SCA) 

which is due to wild-type TTR deposition (Dubrey et al., 2011). In addition, hereditary amyloidoses also 

include much less common diseases, such as apolipoprotein AI or AII amyloidosis, caused by variants of 

apolipoprotein I or II (apoAI or apoAII), and fibrinogen amyloidosis caused by fibrinogen variants. These 

two disorders lead to severe cardiac pathologies (Dubrey et al., 2011). 
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1.2. Familial Amyloidotic Polyneuropathy (FAP) 

 

Familial Amyloidotic or Amyloid Polyneuropathy (FAP) is an autosomal dominant lethal 

neurodegenerative disorder that is characterized by a symptomatic onset of progressive sensory-motor 

peripheral neuropathy in the lower extremities that manifests through a selective loss of superficial 

sensation to pain and temperatures (Sousa & Saraiva, 2003) (Figure 1.2). Other early features of this 

disease are dysautonomia, changes in gastrointestinal motility, postural hypotension, cardiac arrhythmias, 

impotence, urinary incontinence, neurogenic bladder and severe malnutrition (Sousa & Saraiva, 2003). 

 

Figure 1. 2 – FAP clinical symptoms. 1) Progressive sensory-motor peripheral neuropathy in the lower extremities 

that manifests through a selective loss of superficial sensation to pain and temperatures; 2) Dysautonomia, changes in 

gastrointestinal motility, postural hypotension, cardiac arrhythmias, impotence, urinary incontinence, neurogenic 

bladder and severe malnutrition; 3) Muscle atrophy and sensory loss. 

 

The onset of symptoms usually occurs between ages of 20 and 45. FAP is ultimately a disease 

that leads to general organ dysfunction and failure that is fatal 10 to 20 years after symptoms onset (Sousa 

& Saraiva, 2003). It can be diagnosed by genetic examination or through detection of TTR variants in the 

cerebrospinal fluid (CSF) or in the plasma (Hou et al., 2007). 

This disease was firstly described in Portugal by Corino de Andrade in 1952 and later associated 

with transthyretin protein (TTR) by Costa et al. in 1978. In this last paper the authors demonstrated that 

TTR is the most abundant component protein in FAP amyloid fibrils (Sousa & Saraiva, 2003).  

As it is a multi-systemic type of amyloidosis, the extracellular deposition of mutated TTR 

amyloid fibrils occurs in various tissues, but particularly in the Peripheral Nervous System (PNS) 

(Fleming et al., 2009). The development of amyloid fibrils in most familial amyloidoses cases result from 

a transformation of a normal protein into an amyloidogenic one due to a single amino acid substitution 

(Damas et al., 2006). This is consistent for normal wild-type TTR and for its variants (Pepys, 2006; 

Saraiva, 2002). Several reports describe FAP as a heterogeneous disease when it comes to clinical 
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symptoms and phenotypes, being them oculoleptomeningeal, polyneuropathic and cardiac (Ando et al., 

2005). This heterogeneity occurs even for the same TTR variation (Ando et al., 2005).  

FAP is classified as an orphan disease that occurs worldwide with an incidence of about 1:100 

000 in most populations, established in more than 30 countries, but with particular prevalence in Portugal, 

Japan and Sweden (Ando et al., 2005; Benson, 2001). Figure 1.3 represent a world map which identifies 

the locations and incidence of confirmed patients with the common variant of TTR associated with FAP 

(the Portuguese form, type I). In the north of Portugal this disease has an incidence of approximately 

1:1100 (data in Centro de Estudos de Paramiloidose Antonio Rodrigues de Melo). FAP type I is 

associated with a TTR variant in which a valine is replaced by a methionine at position 30 of the molecule 

TTR, denominated Val30Met (Sousa & Saraiva, 2003).  

 

Figure 1. 3 – World map in which the locations of patients with Portuguese form of FAP, TTR-Val30Met are 

identified and where the incidence of the disease is higher – according to the size of the black spots (Source: Ando et 

al., 2005). 

The reason why Val30Met is the TTR variation with the largest foci in the world and the fact 

that these foci are distributed throughout three countries that are geographically distant (Portugal, Sweden 

and Japan) is not clearly understood (Ando et al., 2005). Some hypotheses have been suggested to answer 

this question such as a mutation single origin that then was spread based on historical data that point out 

to relations between these countries; however this has not been scientifically proven (Ando et al., 2005).  

 

1.3 Transthyretin (TTR) 

Transthyretin (TTR) is a plasma protein that was originally called prealbumin as when subjected 

to an electrical field such as electrophoresis it migrated in front of albumin (Dwulet & Benson, 1984; Hou 

et al., 2007). TTR is coded by a gene at the position 12.1 on chromosome 18 (18q12.1.) with a length of 

approximately 7 kb and 4 exons, each one containing around 200 bases (Hou et al., 2007; Uemichi et al., 

1999). In addition, the first exon contains a pre sequence that codifies for an amino-acid signal peptide 



1.Introduction 

 

6 
 

that directs the transport of TTR into the Endoplasmic reticulum (ER) and which is cleaved before 

secretion from the cell (Hou et al., 2007). 

This protein is composed by four identical subunits (homotetramer) of 14kDa with 127 

aminoacids residues each, and with a secondary structure prominently composed by β-sheets (Sousa et 

al., 2003). All monomers are composed by four pairs of these β-sheets (Damas & Saraiva, 2000).  

As the name implies, TransThyRetin is a protein with a role in the transport of retinol (vitamin A 

animal form) through the formation of the complex retinol-binding protein (RBP) and thyroxine (T4 or 

thyroid hormone-binding protein) in the bloodstream (Figure 1.5). The TTR tetramers are formed through 

dimmers associations which in turn are formed due to monomers interaction and have an inner 

hydrophobic channel where thyroxine (T4) binds (Damas & Saraiva, 2000) – Figure 1.4.  

 

Figure 1. 4 - Schematic representation of the three-dimensional structure of transthyretin molecule (Source: NCBI 

Protein Data Bank ID:1TTA). 

In humans about 15% of total plasma T4 is transported by TTR and 70% is carried bounded to 

T4-binding globulin (Liz et al., 2010; Fleming et al., 2009) whereas in rodents, TTR is the main plasma 

thyroxine carrier. For both species, however, TTR is the major transporter of T4 in the CSF (Liz et al., 

2010).  

In order to understand the importance of TTR carrier function of T4, TTR knock-out (KO) mice 

were engineered (Fleming et al., 2009). These TTR KO mice were viable with a normal lifespan 

(Episkopou et al., 1993; Hou et al., 2007). Reports demonstrate that although TTR KO mice had less 

levels of thyroxine its absence did not had an effect on thyroid hormone function, implying that this 

hormone biological activity does not depend on TTR for its normal function (Fleming et al., 2009; Liz et 

al., 2010). However, the obtained results were not conclusive since T4 distribution in the brain was TTR-

dependent which contradicts contradicting what was said before (Fleming et al., 2009; Liz et al., 2010). 

When it comes to retinol transport, TTR KO mice did not present alterations in tissue level of retinol 

when compared to WT mice, though this may be due to the presence of compensatory/alternative 

mechanisms suggesting that TTR is not essential in retinol delivery (Fleming et al., 2009; Liz et al., 

2010). Further studies must be made in order to elucidate TTR role as a transporter of thyroxine and 

retinol. 
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In addition to its carrier properties, TTR also has an important function in PNS and central 

nervous system (CNS) physiology contributing in behavior, safeguarding normal cognitive processes 

during ageing, amidated neuropeptide processing and nerve regeneration (Fleming et al., 2009). These 

TTR functions were reported through TTR KO mice as they revealed less immobility and higher activity 

when stimulated to activity tests (Sousa et al., 2004) and also demonstrate less depressive-like behaviour 

when compared to WT mice (Nunes et al., 2006). This reduction is due to TTR deficit that results in 

upregulation of peptidylglycine α-amidating monooxygenase (PAM), an enzyme involved in the nervous 

system physiology, which in turn decreases the neuropeptide Y (anti-depressant neurotransmitter) levels 

(Nunes et al., 2006). For nerve regeneration evaluation, mice nerve crush was performed. TTR WT 

revealed faster axonal regeneration when compared to TTR KO mice suggesting that TTR enhances and 

accelerates nerve regeneration by targeting innervations. However, one should note that this role is 

reported as being independent to TTR capability to bond to T4 and retinol (Fleming et al., 2007).  

In Liz et al. (2010) TTR has also been reported to interact with the substrates apoAI and 

amyloid-β (Aβ) peptide. This interaction attributed to TTR a proteolytic activity through studies 

performed both in vitro and in vivo demonstrating that not only TTR is able to cleave these substrates as it 

can also cleave in multiple sites (Liz et al., 2010). The first protein (apoAI) is associated with 

apolipoprotein-I amyloidosis and the second (Aβ) with Alzheimer’s disease (Liz et al., 2010). The 

interaction between TTR and Aβ peptide will be discussed in detail in chapter 2.2.3. 

Although TTR is known to be expressed in the retinal pigmented epithelial cells of the eye and 

glucagon cells in pancreatic islets, is mostly expressed in the liver (90%) and choroid plexus of the brain 

(Sousa & Saraiva, 2003; Fleming et al., 2007) (Figure 1. 5).  

 

Figure 1. 5 – Locations where transthyretin is synthesized and degraded. TTR is a tetramer that circulates in the 

plasma bounded to RBP protein (green dot) and provides vitamin A transport. Additionally a small amount of TTR 

binds to high-density lipoproteins (HDLs – yellow) It is synthesized in the liver and choroid plexus of the brain and is 

degraded in the kidney and liver (Adapted from Saraiva, 2002). 

Certain mutations cause TTR to undergo structural alterations leading to the formation of 

amyloid fibrils in tissues. Under normal conditions this should not occur as TTR is a protein that is 

soluble in tissues (Sousa & Saraiva, 2003).  

The functional tetrameric structure of the native soluble TTR protein is formed by the 

association of two dimers that individually outcome from the interaction between two monomers (Figure 

1.6). This interaction that causes dimers to form occurs due to hydrophobic contacts and hydrogen bonds 
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between the AB and GH loops and also with strand H’ from other monomer (Brito et al., 2003; Saraiva, 

2002). On the other hand, when it comes to mutated TTR, structural studies on aggregated amyloidogenic 

proteins in oligomer state revealed a disruption of the D strand which affects hydrogen bonding with the 

A strand, consequently exposing new surfaces. This alteration in the protein conformation might be 

associated with TTR ability to aggregate (Sousa et al., 2001). Also, several authors stated that the 

amyloidogenic potential of TTR might be related to its wide β-sheets structural composition (Saraiva, 

2002; Sousa & Saraiva, 2003). 

 

Figure 1. 6 – Representation of the TTR dimer in which each monomer consists of two β-sheets, one α-helix and 

some disordered structure (Adapted from Brito et al., 2003). The β-sheets are formed by strands labelled as DAGH 

and CBEF that associate through hydrogen bonds between strands DAGHH’G’A’D’ and CBEFF’E’B’C’ to form the 

dimer (Brito et al., 2003; Saraiva, 2002). 

To date, over 100 different mutations in TTR have been reported and are equally distributed in 

the TTR sequence (Dubrey et al., 2011; Hou et al., 2007). Some of these mutations are described as 

pathogenic, such as Val30Met and Leu55Pro, whereas a few were classified as non amyloidogenic or 

even protective (Sousa & Saraiva, 2003). An example of this is the mutation Thr119Met (tyrosine 

substituted by a methionine in the position 119 of the gene sequence) which will be described in chapter 

2.2. Interestingly, a mutation in the same position of the TTR gene sequence may cause amyloidogenic 

and non amyloidogenic variants according to the amino acid substitution such as the case of Ala109Ser 

(amyloidogenic) and Ala109Thr (non amyloidogenic) (Brito et al., 2003). Additionally, a deletion of a 

valine amino acid in the TTR gene has also been reported in the position 122 (Val122). This deletion is 

amyloidogenic and leads to a disease denominated carpal tunnel syndrome (Ando et al., 2005). 

The mutations on TTR point toward the loss of stability of the tetrameric structure of the protein 

(Damas & Saraiva, 2000). Thus, this might indicate that amyloid fibril formation occurs due to tetramer 

dissociation into a compact non-native monomer with low conformational stability (Damas & Saraiva, 

2000). Due to this low conformational stability, partially unfolded monomeric species will have high 

tendency to aggregate and come out as amyloid fibrils (Damas & Saraiva, 2000). Also, further studies 

resorting to X-ray diffraction to identify TTR Leu55Pro mutation structure – the most clinically 
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aggressive TTR mutant - support that there is a direct relation between the tetrameric stability of TTR and 

its amyloidogenic potential (Sousa & Saraiva, 2003). 

Even though in the past few years several efforts have been made to understand the molecular 

basis of neurodegenerative amyloid-related disorders, the precise mechanism through which TTR 

tetramer disaggregates forming amyloid fibrils is still unknown (Saraiva, 2002; Sousa & Saraiva, 2003). 

The TTR amyloid deposits are distributed in various locations of the PNS, involving nerve 

trunks, plexuses, sensory and autonomic ganglia (Sousa & Saraiva, 2003). Deposition in these locations 

in familial amyloid polyneuropathy patients can be justified by the assignment of a function in nerve 

physiology and regeneration as previously referred (Fleming et al., 2007).  

1.4 Current FAP therapeutics 

Several scientific advances in the research for peripheral and autonomic neuropathies have been 

made. However, there is still no effective treatment for familial amyloid polyneuropathy disease. 

Nowadays the only treatment that delays the progression of this disease is liver transplantation. As 

previously referred, TTR is mainly produced by the liver, hence by liver transplantation the synthesis of 

mutant TTR is eradicated from this site and this procedure should be curative (Benson, 2001; Macedo et 

al., 2008). Even though little improvement in peripheral neuropathy was found in the first transplanted 

patients, the amyloid deposits regressed after 1 to 2 years of transplantation ameliorating the autonomic 

nerve function (Damas & Saraiva, 2000). Nevertheless, liver therapy encloses several disadvantages. 

Firstly, is a very invasive and expensive procedure with considerable risks and implies the need of 

continue and permanent administration of immune suppressants after surgery (Damas & Saraiva, 2000; 

Macedo et al., 2008). Secondly, patients in advanced stage of the disease cannot undergo liver 

transplantation as the organs where TTR fibrils have deposited are irreversibly damaged and there is no 

benefit in submitting the patients to the transplant (Damas & Saraiva, 2000; Fleming et al., 2007) or, as in 

the case of senile systemic amyloidosis (SSA) patients, the onset of the disease is in later life (around 60-

80 years) so this therapeutic is not an option (Benson, 2001). Furthermore, besides all these disadvantages 

is also important to bring in to mind that TTR is also expressed in the choroid plexus of the brain, in 

retinal pigmented cells of the eye, and glucagon cells in pancreatic islets (Damas & Saraiva, 2000; 

Macedo et al., 2008). In accordance, data has been published referring that patients with FAP expressing 

TTR with the mutation Val30Met have developed vitreous amyloid deposits after liver transplantation 

(Damas & Saraiva, 2000). Since this TTR amyloidosis therapeutics revealed to be insufficient it has 

become essential to discover new and less invasive strategies as alternatives to liver transplant (Macedo et 

al., 2008). For this it is necessary a deeper study of the pathway that starts in the tetramer native form of 

the protein and leads to aggregation (Damas & Saraiva, 2000).  

Several reports support the hypothesis that the mechanism through which TTR amyloid fibrils 

form initiates by tetramer dissociation into monomers, followed by an alteration of monomers 

conformation which leads to formation of aggregates that are in a first stage soluble and will become 

insoluble as they grow (Reixach et al., 2004). At a final stage these insoluble aggregates, named 
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protofilaments, will form amyloid fibrils (Reixach et al., 2004). Although the role of amyloid deposits in 

the pathogenesis of the disease is not very clear, it is imperative to control the development of clinical 

symptoms disabling amyloid deposition in the tissues or inducing their disaggregation (Macedo et al., 

2008). For this, several mechanisms have been suggested to explain the TTR fibril formation and in 

which steps of the pathway new therapeutic strategies may intervene and stop the progress of the disease 

(Damas & Saraiva, 2000). These strategies represented in Figure 1.7., focus on the stabilization of the 

tetramer thus avoiding protein dissociation, preventing the association of the intermediate amyloidogenic 

species that originate amyloid fibrils and inducing amyloid fibrils disaggregation (Damas & Saraiva, 

2000; Reixach et al., 2004).  

Currently, a new compound, named FX-1006 (commonly called Tafamidis) is being evaluated 

(Table 1. 1). This new drug seeks to stabilize the native fold of the protein and prevent its misfolding 

resorting to a small molecule that binds in TTR channel. In addition, compounds that act with the purpose 

of disrupting the fibrils are under study. Examples of this are doxycicline and the theoretical model 

concerning the interaction of Leu-55Pro TTR mutation with IDOX (4’-iodo-4’-deoxydoxorubicin) 

(Cardoso et al., 2003; Sebastião et al., 2000). 

 

Figure 1. 7 - A suggested biochemical pathway for the formation of amyloid fibrils and their intermediate states in 

which new therapeutic strategies may intervene (Damas & Saraiva, 2000). 

Although the main focus in studying the source of toxicity in amyloidoses has been the amyloid 

fibrils, recent studies demonstrate that the most toxic species are the oligomers with low-molecular-mass 

(Hou et al., 2007; Reixach et al., 2004). This new data has to be considered when engineering new 

therapies in order to avoid increasing the concentration of these toxic species (Hou et al., 2007). 

Deposition of TTR amyloid in the PNS causes cellular toxicity in the surrounding nerve cells, 

leading to intracellular events such as oxidative stress, apoptosis and inflammation which mediate cell 

injury and death (Macedo et al., 2010 and 2008). Latest progresses done in order to better understand the 

mechanisms underlying the pathophysiology of FAP will be subsequently mentioned in chapter 2.1. 
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Recent reports describe compounds that counteract cytotoxicity by reducing levels of 

metabolites that would induce the activation of molecular mechanisms such apoptosis and oxidative stress 

(Macedo et al., 2008 and 2010). Examples of these compounds are TUDCA (Taurourdeoxycholic acid) 

and carvedilol that act as anti-oxidant and anti-apoptotic agents (Macedo et al., 2008 and 2010). 

Additionally, the efficiency of the combination of doxycicline and TUDCA acting together as a new 

therapeutic for FAP is being evaluated – Table 1.1 (Cardoso et al., 2010). 

Santos et al. (2008) studies gave heat shock response a prominent role as a potential 

pharmacologic therapy for FAP since this intracellular stress response seems to be activated due to 

extracellular TTR deposition in tissues. In addition, a recent report described TTR as having part on 

calcium homeostasis by inducing calcium influx in dorsal root ganglia cells which may result in toxicity 

in FAP (Gasperini et al., 2011). 

 

Table 1. 1 – Comparison between FAP drugs currently being developed. 

 Tafamidis Doxycycline & TUDCA* 

Sponsor FoldRx Pharmaceuticals IRCCS Policlinico S. Matteo 

Target Patient ATTR ATTR 

Current Clinical Trials 

Phase 
Phase II/III Phase II 

Completion Date December 2012 July 2012 

Therapeutic Strategy Stabiliser Drug 
Disruption of fibrils and 

inhibition of fibril formation 

Estimated time to reach 

the market 
2 year ~ 6 years 

Major Advantages First-in-class drug 
Addresses both oligomers and 

fibrils 

Major Disadvantages 
Not for primary amyloidosis 

Chronic administration 
Chronic administration 

 

All these studies of the mechanisms that contribute to pathopysiology of FAP might be of a great 

value to identify therapeutic targets for the development of effective treatments not only for FAP but also for 

many important neurodegenerative diseases as the similar mechanisms of neurotoxicity become increasingly 

evident (Gasperini et al., 2011).  

 

1.5 BIOALVO S.A. 

 

BIOALVO is a Portuguese biotech company, founded in 2006 as a drug discovery company that 

developed its own pipeline of drugs against neurological disorders. BIOALVO’s robust bioactive 

discovery assays are based on genetically modified yeast strains, designed to express the desired target 

(human or not), in addition to a DNA sensor, responsive to the presence of this target. This DNA sensor is 
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operably linked to a reporter gene, allowing additional modulation readouts. This innovative and patented 

in-house technology was named GPS D
2
 (from Global Platform Screening for Drug Discovery). In a 

constant search for innovative molecules and compounds, BIOALVO turned into the sea and natural 

sources of new actives. This powerful combination gave very positive results in identifying new 

compounds and activities. The company owns a large and ever-expanding natural extract library, holding 

unique extracts derived mostly from a diverse array of microorganism that can be industrially produced 

by laboratorial sustainable culturing methods. This natural extracts collection is expected to reach 

100.000 extracts, at the end of 2012, including a variety of exquisite sources, ranging from deep sea vents 

in the Azores, or secret diving spots of Portugal’s Ministry of Defense, to some mainland ecosystems. 

These collections are used for internal R&D projects, resorting to the in-house cell-based robotized 

facility and are also made available to partners through licensing deals that explore the potential of these 

collections to their chosen field of application.  

 

Recently in 2010, the company started to slowly enter into other pharmaceutical and cosmetics 

areas. This year, BIOALVO made a deep repositioning strategy, focusing on the exploitation of its assets 

and uniqueness: the combination of unique and proprietary libraries of extracts with its GPS D
2
 

technology to maximize the applications of natural ingredients in all possible industries. Today, 

BIOALVO is the Biotech for Natural Products and develops its own proprietary bioactive discovery 

platform technology based on in vivo assays (BIOALVO’s company info).  

 

1.6. Yeast as a model organism 

In order to study and unravel particular and complex biological systems, explore potential causes 

and pursuit treatments for human diseases it is fundamental to have a non-human organism as a first 

strategy tool (Miller-Fleming et al., 2008). There are various model organisms available, such as bacterial 

viruses, prokaryotes and eukaryotes. Of all these organisms, eukaryotic cells provide convenient models 

for most of the activities of cells of higher forms of life (Campbell & Duffus, 1988). Yeast, commonly 

known as baker's yeast, is an example of a eukaryotic model, particularly the strains of Saccharomyces 

cerevisiae as it is safe to handle in laboratory and easy to obtain (Gitler, 2008). 

The position of this unicellular fungus as an important experimental eukaryotic organism for 

modern biological research was achieved due to multiple characteristics (Miller-Fleming et al., 2008). 

First of all its genome has been fully sequenced and characterized and it is very amenable to genetic 

manipulation (Gitler, 2008). Secondly, there are genes in yeast that encode proteins very similar to those 

in humans as there is a conservation of metabolic and developmental pathways from lower to higher 

eukaryotes (Gitler, 2008). In fact, at least 31% proteins encoded by yeast genes have human homologues, 

and over 50% of human genes involved in genetic diseases have yeast homologues (Suter et al., 2006). 

This, associated with the fact that yeasts are easy and cheap to genetically manipulate and have a short 

cell generation time (about 90 minutes of doubling time on rich medium) makes this simple unicellular 

microorganism a great tool that is being widely used in research (Miller-Fleming et al., 2008). 

http://en.wikipedia.org/wiki/Saccharomyces_cerevisiae
http://en.wikipedia.org/wiki/Saccharomyces_cerevisiae
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Also, through several databases available online, the information such as genetic alterations, 

predicted orthologs in other organisms, protein functions, among others, became much easier and quick to 

access (Gitler, 2008). Example of these databases is the Saccharomyces Genome Database (SGD) which 

is a scientific database of the molecular biology and genetics of the yeast S. cerevisiae (Miller-Fleming et 

al., 2008). 

Like any model organism, resorting to yeast for biological research has some limitations. Among 

these are the facts that yeast, being a simple and lower eukaryote, does not possess all mechanisms and 

biological pathways present in higher eukaryotes. Furthermore yeast has pathways such as cell wall 

organic compounds secretions that are irrelevant in higher organisms such as mammalians (Miller-

Fleming et al., 2008).  

When it comes to neurodegenerative diseases, yeast is a model organism that has much to add as 

a first approach (Miller-Fleming et al., 2008). As referred previously, the main core in several 

pathologies, including amyloidoses and neurodegenerative diseases, is protein misfolding and aggregation 

(Miller-Fleming et al., 2008). The set of protein misfolding diseases is constantly increasing, as the 

principal element involved, proteins, are involved in all biological systems in the cell (Miller-Fleming et 

al., 2008). Using yeast cell-based systems to understanding diseases such as Alzheimer’s and Parkinson’s 

Diseases (AD and PD) several breakthroughs have been accomplished (Miller-Fleming et al., 2008; 

Gitler, 2008). Between these breakthroughs are discoveries such as the implication of heat shock response 

(HSR) in AD and information of normal function and pathobiology of α-synuclein which is the protein 

involved in the pathogenesis of PD (Miller-Fleming et al., 2008; Gitler, 2008). 

The use of a yeast platform as a first step in research, before moving onto studies in higher 

organisms, will facilitate the study of a homolog gene involved in the diseases and verify the implication 

that this gene has in the disease itself (Miller-Fleming et al., 2008).  

BIOALVO S.A. is a company that acknowledges the potential of this microorganism as a model 

organism and explores this potential through its GPS D
2
 Technology with the aim to design a 

representative cellular model that mimics the physiological conditions in which the desired target would 

be in the human body. BIOALVO’s assays are especially designed to take advantage of the very simple, 

fast and cheap growth conditions of yeast in addition to its high amenability to High Throughput 

Screening (HTS) adaptation and its physiological response similar to many human aspects, making our 

elegant integrated platform technology truly unique (BIOALVO’s company info). Designed in this 

specific mode this technology allows target-oriented modulators identification, but also broader 

phenotypic modulations (BIOALVO’s company info). Additionally to these features, BIOALVO’s yeast 

based bioactive discovery platform can promptly detect major toxicity features associated to the 

bioactives screened, and can, in only one screen, assess efficacy, thus allowing an adequate strategic 

response for reducing time and costs associated with the products future development, which stands out 

as a competitive advantage (BIOALVO’s company info). 
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2.1. Molecular Mechanisms of Pathology 

 

Amyloidoses are diseases that share similar mechanisms of neurotoxicity that play a major role 

in pathology. In order to understand what leads to these diseases several studies have been developed that 

support the involvement of numerous molecular mechanisms in toxicity (Hou et al., 2007; Gasperini et 

al., 2011).  

When it comes to neurodegenerative diseases, particularly in the case of FAP, the extracellular 

accumulation of TTR aggregates which lead to a neurotoxic effect seems to be related to cellular 

activation in the tissues surrounding the deposits by triggering calcium homeostasis, oxidative stress, 

inflammatory and apoptotic pathways resulting in cell dysfunction and death (Sousa et al., 2001; Macedo 

et al., 2007). Furthermore, it was been reported that cytotoxicity in the TTR accumulation tissues starts at 

a presymptomatic stage of the disease, i.e., before TTR amyloid deposition (Macedo et al., 2007). 

Nevertheless, the ways in which the neurotoxic effects are achieved are still unclear (Hou et al., 

2007). Hou and co-workers (2007) stated that these effects may be mediated through a single or multiple 

receptors being the last option the most probable since several different cell-surface receptors have 

demonstrated susceptibility to amyloid toxicity as it will be next discussed in detail. 

Gasperini et al. (2011) reported that the toxic effect of the TTR amyloid disrupts calcium 

homeostasis through influx of extracellular calcium across the plasma membrane into neurons cells which 

may contribute to the pathophysiology of TTR amyloidosis. Additionally, for this calcium influx to take 

place, activation of sodium channels such as Nav1.8 voltage-gated sodium channels and transient receptor 

potential M8 channels (TRPM8) is required, which consequently activates the voltage-gated calcium 

channels (VGCC) (Gasperini et al., 2011). Although the mechanism by which TTR activates the sodium 

channels is still unclear the authors justify that it may occur by conformational alteration of the channels 

that result in their opening due to direct or indirect binding of TTR, being the last one mediated by a 

membrane component such as lipids (Gasperini et al., 2011). The representation of this mechanism that 

involves calcium homeostasis is represented in Figure 2.1. 

Monteiro et al. (2006a) suggested other mechanism for neurotoxicity in FAP. Their studies were 

based on the interaction between TTR (soluble and aggregated) and the receptor for advanced glycation 

end-products (RAGE) (Monteiro et al., 2006a; Hou et al., 2007). RAGE is a structure composed by a 

transmembranar domain, three extracellular immunoglobulin-like domains (V, C and C’) and a 

cytoplasmic tail essential for RAGE-mediated signaling (represented in Figure 2. 1) (Monteiro et al., 

2006a; Hou et al., 2007). This receptor regulates the signaling pathways such as the nuclear factor k-B 

(NF-kB), the mitogen-activated protein kinases (MAPKs) and the Jun–N-terminal kinase (JUNK), all of 

which may be involved in FAP pathophysiology (Monteiro et al., 2006b; Santos et al., 2007). Besides, 

TTR-RAGE interactions have also been reported to trigger oxidative stress and inflammatory pathways, 

endoplasmic reticulum stress, caspase-dependent apoptosis and ERK1/2 serine-threonine kinases 

(Monteiro et al., 2006b; Gasperini et al., 2011). 
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Oxidative stress is also mentioned in Monteiro et al. (2006b) report as being a molecular 

mechanism involved in FAP pathology. This mechanism has been described as up-regulating inducible 

nitric oxide synthase (iNOS), which produces NO toxic metabolites (Monteiro et al., 2006b). 

Protein ubiquitination plays an essential role in intracellular surveillance in order to remove 

misfolded and denaturated proteins through the ubiquitin-proteasome system (UPS) which has ubiquitin 

as its intermediate (Santos et al., 2007). The failure of this system to fulfill its function might explain 

neurodegeneration since it results in protein aggregation which is a hallmark of neurodegenerative 

diseases. Santos et al. (2007) reported that despite TTR deposits are extracellular and the ubiquitin being 

localized inside the cell, their interaction is evident since cells of tissues where TTR aggregates are 

deposited activate a UPS response of ubiquitin expression. This is also supported by the protein parkin 

downregulation in FAP, which is accepted to be an indicator of pathology as parkin is a protective agent 

in presence of toxicity (Santos et al, 2007). This down-regulation might have as consequence the 

reduction in protection from oxidative stress, which will contribute to ER stress-induced apoptosis 

(Santos et al, 2007). 

Finally, one additional cellular mechanism that has been strongly related to FAP neurotoxicity is 

the ER-specific stress response. This mechanism was addressed in the current thesis and will be described 

further in chapter 2.2.2. 

All the studies mentioned before describing possible mechanisms of TTR-induced neurotoxicity 

which allowed the identification of positive molecular targets for pharmacological intervention in FAP 

are illustrated in Figure 2.1. 

 

Figure 2. 1 – Representation of a model of TTR mutations starting from the protein native conformation that is 

dissociated into monomers that will aggregate. In addition, possible mechanisms of TTR-induction of neuronal 

dysfunction are illustrated, such as the interaction between TTR and voltage-gated calcium channels (VGCC), 

between TTR and RAGE and induced ER Stress (Adapted from Hou et al., 2007). 



2. Scientific Rationale 

 

17 
 

2.2 Development of a Yeast based Platform 

As stated before, FAP is an incurable disease caused by mutations in the plasma protein TTR, 

which forms TTR amyloids extracellular deposits in various tissues, particularly in the PNS.  

Regardless all scientific breakthroughs there is still no efficient treatment for FAP. For this 

reason it is important to understand the mechanisms that result in pathologic gain of function of mutated 

TTR in order to develop therapies to fight this disease. 

The main goal of this work was to design and engineer a tool to study these effects using 

Saccharomyces cerevisiae as a cellular model. Through this yeast based platform the toxicity of different 

variants of TTR was studied. Although TTR has already been expressed in yeast in the PhD thesis 

“Biochemical effects of protein glycation by methylglyoxal in Saccharomyces cerevisiae” (in Ricardo 

Jorge dos Anjos Gomes PhD Thesis, 2007) the purpose was not to study the protein in question or even 

TTR associated to FAP. This way, this approach is being explored for the first time in this model 

organism. 

In the future, this promising tool will allow the identification of compounds that modulate 

phenotypes caused by TTR variants and that have the potential to become new drugs for FAP disease. 

Also, the expression of TTR variants in knock-out yeast strains will permit the identification of genes 

involved in FAP toxicity. These findings may reveal to be of great value in determining mechanisms of 

pathogenesis in FAP or even in other neurodegenerative diseases. 

While the platform was being designed, it was decided to add to this project an initial study of 

TTR and Aβ42 peptide (involved in Alzheimer’s disease) interaction through the evaluation of the yeast 

growth when expressing both proteins. This interaction between TTR and Aβ42 is being focus of several 

promising studies (Costa et al, 2008).  

This work was developed in collaboration with Instituto de Biologia Molecular e Celular 

(IBMC), particularly with one of the leading world scientists in the field of FAP disease, Prof. Maria João 

Saraiva who kindly provided TTR-Leu12Pro and TTR-Thr119Met cDNA. 

As a starting point, three main approaches were established in order to allow the development of 

this TTR yeast based platform in the available period of time: 

 Evaluation of TTR toxicity in yeast 

 TTR induction of ER Stress 

 Study of the interactions between Aβ42 and TTR  

 

TTR variants 

Currently over 100 variants of TTR have been identified. These include Val30Met, Leu55Pro, 

Leu12Pro and Thr119Met, which were used in the current work (Dubrey et al, 2011). 

Val30Met, substitution of a valine for a methionine at the position 30, is the most common TTR 

mutation and is associated with FAP type I (Sousa & Saraiva, 2003). 
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Leu55Pro, substitution at the position 55 of a leucine for a proline, is the mutation associated 

with most aggressive type of FAP disease. This variant is described as being the one with the most 

amyloidogenic potential and with less tetrameric stability (Sousa & Saraiva, 2003). 

Leu12Pro is associated with CNS deposition and results from the substitution of a leucine by a 

proline at the position 12 of the protein sequence (Brett et al., 1999). Although symptoms in the CNS 

have not been associated with TTR-related amyloidosis, Brett et al. (1999) stated that patients carrying 

the TTR Leu12Pro variant presented clinical features of FAP and in addition amyloid deposits affecting 

the CNS associated with leptomeningeal amyloidosis.  

Finally, Thr119Met is a variant of TTR with no pathogenic role associated being denominated as 

non amyloidogenic (Damas & Saraiva, 2000). This mutation results from replacement of a methionine for 

a threonine at position 119 of the polypeptide chain and is a non-pathogenic variant presenting high 

binding affinity for T4 (Damas & Saraiva, 2000). Also, studies demonstrate that patients carrying both 

Val30Met and Thr119Met mutation revealed a delayed onset of the symptoms of TTR amyloidosis. This 

suggests that this variant goes against the effects of TTR V30M as it introduces alterations that offset the 

dissociation of tetrameric Val30Met TTR into monomers having therefore a protective role (Damas & 

Saraiva, 2000). 

It is important to notice that all TTR variants used in this work were cloned without signal 

peptide as it intended to keep the protein inside the yeast cell. 

 

2.2.1.  TTR Toxicity in Yeast  

The first goal of the present work was to evaluate the effect of expression of different TTR 

variants in the growth of yeast cells. Although TTR expression in yeast has been previously mentioned in 

the literature, a focused study on the cellular phenotype caused by this protein in this selected model 

organism has not been performed to date. Therefore, 5 isoforms of TTR were selected, expressed in yeast 

and the resulting yeast growth phenotype evaluated. Any eventual toxicity would be further evaluated and 

the most toxic isoforms would be selected for subsequent studies focused on the induction of ER stress, as 

described in 2.2. 

An eventual lack of toxicity upon expression of all isoforms would shift the project into the 

search of genes involved in TTR-related pathways, through the expression of TTR variants in knock-out 

yeast strains for ER stress associated genes. These genes, selected through the Saccharomyces Genome 

Database (SGD) were: HAC1, DFM1, IRE1 and CWH41. 

According to SGD, HAC1 gene codes for a basic leucine zipper (bZIP) transcription factor 

(ATF/CREB1 homolog) that regulates the unfolded protein response.  

The DFM1 gene, which is in S. cerevisiae a homologue of the mammalian gene Derlin-1, codes 

for an ER localized protein with a role in ER-associated protein degradation (ERAD), ER stress and 

homeostasis (in Saccharomyces Genome Database). Dfm1 role in homeostasis was reported by Sato & 
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Hampton (2006) as they found that the loss or overexpression of Dfm1 could stimulate the unfolded 

protein response (UPR). 

The IRE1 gene codes for a serine-threonine kinase and endoribonuclease and also for a 

transmembrane protein that mediates the UPR by regulating Hac1p synthesis through HAC1 mRNA 

splicing (Paschen & Mengesdorf, 2005; SGD). 

To conclude, the CWH41 gene codes for a processing yeast α-glucosidase I, ER type II integral 

membrane N-glycoprotein involved in assembly of cell wall beta 1,6 glucan and asparagine-linked 

protein glycosylation (Faridmoayer & Scaman, 2007). It is also involved in ER protein quality control and 

sensing of ER stress. 

 

2.2.2. ER Stress 

When entering the secretory pathway proteins go into a subcellular compartment called 

endoplasmatic reticulum (ER) where they fold into their native state and undergo post-translational 

modifications acquiring their correct folding and oligomerization (Sato et al., 2007; Paschen & 

Mengesdorf, 2005). These processes are highly calcium-dependent and thus require high calcium activity 

for correct functioning. Before leaving the ER, proteins have to pass a quality control (ER quality control) 

to confirm the folding so that they can be sent to the Golgi complex and afterwards to their final 

destination (Sato et al., 2007). If they fail to pass this control due to misfolding or incorrect misassemble, 

the ER-associated degradation process (ERAD) is activated and consequently proteins are degraded by 

cytosolic proteasome (Sato et al., 2007). However, there are cases in which some proteins pass through 

the ER control and acquire the misfolded conformation outside the cell (Sato et al., 2007). TTR is an 

example of such cases as most variants are secreted and go outside the cell thus escaping from ERAD. 

The mechanism underlying this pass through is however not well understood (Sato et al., 2007). 

Expression and accumulation of misfolded proteins in the ER lumen compromises ER functions 

and causes a pathological state due to cellular stress conditions denominated ER stress (Paschen & 

Mengesdorf, 2005). In order to respond to this perturbation a process of ER-specific stress response 

known as unfolded protein response (UPR) is activated (Teixeira et al., 2006). This response is an 

intracellular signalling dependent on an ER-resident chaperone BiP protein (Teixeira et al., 2006). When 

the UPR cannot cope with all the accumulation of unfolded proteins in the ER or even if the ER stress is 

too severe and prolonged, and the normal ER functioning is not restored, apoptosis will be induced 

(Paschen & Mengesdorf, 2005; Xu et al., 2005). The main effectors of ER stress-induced apoptosis are a 

group of cysteine-aspartic proteases named caspases, particularly the ER-resident caspase-12 (Bernales et 

al., 2006; Paschen & Mengesdorf, 2005). In addition, it has also been reported that ER and mitochondria 

cross-talk in order to activate the traditional mitochondria-triggered apoptosis pathway. This last pathway 

starts through the releases of factors such as apoptosis-initiating factor cytochrome c from the 

mitochondria that will then promote a sequential activation of caspases (Paschen & Mengesdorf, 2005). 

The UPR in metazoan cells has three main branches of signalling systems initiated by three ER-

resident transmembrane proteins that are ER stress sensors: IRE1, PERK and ATF6 (Figure 2.2) (Lai et 
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al., 2007). These three sensors activate transcription factors that consequently activate several ER stress 

response genes (Lai et al., 2007).  

In yeast, the UPR response is only controlled by IRE1 pathway which is similar to the same 

pathway in mammalian (Lai et al., 2007; Krysan, 2009). This response consists by first sensing the 

misfolded protein in the ER lumen and then Grp78 (also referred as BiP), which is a member of the 

HSP70 chaperone family (heat shock protein 70) briefly binds to this misfolded proteins and then is 

released launching the UPR (Xu et al., 2005; Teixeira et al., 2006). Then, Ire1p suffers 

autophosphorylation which activates an endoribonuclease which in turn removes the mRNA intron from 

the transcription factor Hac1p (Krysan, 2009). After Hac1p translation, the HAC1 protein goes to the 

nucleus and induces a response that will restore the ER functions through UPR genes (Krysan, 2009). 

 

Figure 2. 2 – Representation of the UPR signalling pathway for mammalian cells which is activated by three ER 

stress sensors: IRE1, ATF6 and PERK (Adapted from Lai et al., 2007).  

Studies of the expression of BiP protein in tissues containing extracellular deposition of TTR 

amyloids demonstrated increased levels of this ER stress sensor, suggesting that in fact there might exist a 

cause-and-effect relation between the induction of ER stress response with consequent expression of ER 

stress related proteins due to cellular disturbance caused by TTR aggregates (Teixeira et al., 2006; 

Macedo et al., 2007 and 2008).  

As mentioned before, in situations of accumulation of misfolded proteins a response is 

dependent on the chaperone BiP. The yeast ortholog of Bip is KAR2, therefore this gene is upregulated by 

the UPR (Kimata et al., 2003). This chaperone is also involved in proper folding of proteins in ER 

(Kimata et al., 2003). Several treatments such as addition of tunicamycin induce the expression of KAR2, 

as it causes the accumulation of misfolded proteins in the ER (Nikawa et al., 1996). These facts were used 

to evaluate ER Stress response using a reporter gene. 
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ER stress is currently a hot topic in amyloidoses and FAP (Macedo et al., 2008) and therefore it 

was proposed an evaluation of the involvement of this specific pathway in the cellular toxicity caused by 

the expression of TTR in yeast.  

As mentioned previously, detection of a toxic phenotype caused by expression of any TTR 

variant would lead to further evaluation of specific ER stress induction through the use of a reporter gene 

system, namely an ER stress vector designed in BIOALVO to test and study in vivo promoter induction 

using Green Fluorescent Protein (GFP) as reporter gene. On the contrary, lack of a toxic phenotype 

caused by TTR would determine the evaluation of TTR expression in genetic backgrounds lacking genes 

involved in ER stress.  

 

2.2.3. TTR and Aβ42 interaction 

 

Beta-amyloid (Aβ) peptides, originated from the cleavage of transmembranar amyloid precursor 

protein (APP), are the mainly constituent of extracellular deposits hallmark of AD pathology (Costa et al., 

2008).  

Recent studies demonstrated that the co-incubation of TTR with Aβ resulted in reduction of 

aggregation state of the Aβ peptide and its toxicity by maintenance of the peptide soluble and by 

removing its deposits in amyloid aggregates (Costa et al., 2008). In vivo studies in transgenic mice 

showed a slower progression of the disease and absence of neurodegeneration probably due to TTR 

expression (Costa et al., 2008; Buxbaum et al., 2008). In addition, it was reported that TTR variants bind 

differently to this peptide, being this affinity in direct relation to the TTR protein stability. This is, the 

most stable variants which are the ones with less amyloidogenic potential, have more affinity to Aβ 

(Costa et al., 2008). However, additional investigations to understand Aβ/TTR interactions are necessary 

as the mechanism by which TTR operates disfavoring the aggregation and toxicity of this peptide is 

unknown (Costa et al., 2008). 

Since AD and PD reveal clinical and pathological features which are convergent between 

patients with these diseases, Masliah et al. (2001) studied the interaction between Aβ and α-synuclein (α-

Syn) proteins, associated with AD and PD in mice. Through this study the authors concluded that α-Syn 

may enhance neurotoxicity of Aβ and that overexpression of Aβ promoted the intracellular accumulation 

of α-Syn probably due to its interference with α-Syn processing in the ER (Masliah et al., 2001). This 

study gave a new point of view that will aid the development of new therapeutics in the large field of 

neurodegenerative disorders.  

In the present work, the cellular consequences of expressing Aβ and TTR in yeast were 

investigated. Aβ is reported to cause cytotoxicity when expressed in yeast cells (Caine et al., 2007). The 

goal was to reproduce this toxicity and to evaluate if the co-expression of TTR would rescue this 

pathological phenotype. Among the four TTR variants in study, Leu12Pro and Thr119Met were selected 

because T119M has been reported as the most effective in Aβ fibrils disruption (Costa et al., 2008), being 

this way the positive control, and Leu12Pro due to its association with CNS deposition (Brett et al., 

1999).  
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3.1 Materials 

 

3.1.1 Reagents 

In plasmid construction the reagents necessary were the following: primers, dNTP’s mix, Taq 

Polymerase, restriction enzymes, ladder and T4 DNA Ligase. The supplier of the primers were Alfagene 

and Frilabo, restriction enzymes were purchased to Fermentas and NEB Biolabs, dNTPS’s were also 

acquired to Fermentas and the two remaining reagents, Taq Polymerase , ladders and T4 DNA Ligase 

were from Fermentas and Invitrogen. 

Reagents necessary for cloning with the Gatheway protocol are all from Invitrogen. Agarose for 

electrophoresis agarose gels reagent was from SeeKem® LE Agarose and ethidium bromide (EtBr) was 

from AppliChem. 

In culture media preparation for bacteria and yeast the reagents used were from Sigma, Sharlau, 

ACROS ORGANIC and Fluka.  

The QIAquick ® Gel Extraction Kit, QIAquick ® PCR Purification Kit and QIAprep ® Spin 

Miniprep Kit, from Qiagen, were used to purify DNA in agarose gel bands, digested DNA and to obtain 

high molecular grade DNA, respectively. 

In protocols to perform techniques of protein extraction from yeast cells and western blot the 

reagents suppliers were Merck, Biorad, Applichem, Amersham, DAKO, Chemicon, Invitrogen and 

Millipore. The Western blot antibodies anti-human TTR, anti-Aβ42, anti-GAPDH, secondary antibodies 

and HRP Chemiluminescent Substrate were acquired to the last three suppliers, respectively. 

 

3.1.2 Strains and Media 

Two bacteria strains were used for plasmid replication, the competent Escherichia coli XL1-

Blue strain (recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F’ proAB lacl
q
ZΔM15 Tn10 (Tet

r
)] and 

the ultracompetent Escherichia coli DH5α (fhuA2 Δ (argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 

gyrA96 recA1 relA1 endA1 thi-1 hsdR17). These strains were cultivated at 37ºC in LB (Luria Broth) 

media whose composition is 10% NaCl, 10% Bacto peptone and 5% Yeast Extract containing ampicillin 

(Amp) (100 μg/mL) or kanamycin (Kan) antibiotics (50 μg/mL) as selection marker depending on the 

plasmid transformed. For incubation of strains in solid media 12% agar was added to the LB media. Both 

strains are available at BIOALVO and were turned competent using standard protocols. 

Saccharomyces cerevisiae strain BY4741 (MATa; his3Δ 1; leu2Δ 0; met15Δ 0; ura3Δ 0) 

(Brachmann et al., 1998) was used as model organism and knock-out yeast strains hac1Δ, dfm1Δ, ire1Δ 

and cwh41Δ were engineered in the BY4741 background (Ref EUROSCARF)These strains belong to the 

yeast knockout collection performed by the Euroscarf consortion and acquired to Thermo Scientific. 

Yeast strains were cultivated as described in Guthrue & Fink (1991) either in Yeast Nitrogen Based 

(YNB) with Glucose (GLU), Galactose (GAL) or Raffinose (RAF) as carbon sources, depending on the 

application, (YNB GLU/GAL/RAF: 2% of carbon source and complete supplement mixture and all the 

required amino acids) lacking the essential amino acid for auxotrophic selection marker or in complex 

medium Yeast Peptone Dextrose (YPD: 10% yeast extract, 20% bacto peptone and 20% Glucose). 

http://www.millipore.com/userguides/tech1/p36599
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3.1.3 Equipment 

PCR reactions were performed using the Biometra T 3000 Thermocycler. Agarose gel 

Electrophoresis was performed in three different size apparatus using as current source the electrophoresis 

power supply consort EV243. DNA electrophoresis images were acquired with the DNR Bio-imaging 

systems MiniBIS Pro with the software GelCapture.  

Centrifugation equipment used was the Hettich Mickro 120 centrifuge and the Hettich 

Zentrifugen Mikro 22R. 

Aseptic conditions for bacteria handling were attained with a Bunsen burner in a sterilized bench 

and yeast cells were manipulated in a Bioharzard Level II Laminar Flow Faster BH-EN2004. 

Incubations with agitation were performed at 30ºC and 37ºC using the incubators Edmund 

Buhler Gmblt SM30 and Thermo Electron Corporation Forma Orbital Shaker, respectively. For solid 

media growths, microorganisms were incubated in Memmet BE5000 incubators, set at temperatures 30ºC 

and 37ºC. 

The handling of toxic reagents was performed in a chemical safety hood. 

The monitoring of microorganism growth was performed by absorbance measurement (600 nm) 

using a Spectrophotometer Thermo Electron Corporation Evolution 300. 

Yeast cell viability was evaluated using BIOALVO’s robotic unit equipment, namely:  

 PE Janus Automated Workstation – to read the cultures Ods  

 Liconic STX40 Automated Incubator 

 PE Victor 3V microplate reader. 

Acquisition of fluorescence images was performed using an inverted epifluorescence microscope 

Zeiss Observer D1 equipped with a HBO 100 digital camera. Image analysis was performed using 

Axiovision 4.6 software.  

3.2 Methods 

3.2.1 Plasmid Construction 

The DNA plasmids used to obtained the DNA coding sequences of the TTR variants Leu12Pro 

and Thr119Met (pCMVβ_TTR-L12P and p169ZT_TTR-T119M) were a kind gift of Prof. Maria João 

Saraiva (IBMC). The remaining cDNAs (pV_TTRWT, pV_TTR-V30M and pV_TTR-L55P) were 

available in BIOALVO’s DNA clones collection (see Table I.1 and I.4 in Appendix I). 

It is important to notice that all coding sequences of the TTR variants used in this study don’t 

have the signal peptide coding sequence as it is intended to retain the TTR protein in the cell in order to 

be possible to study protein expression in yeast.  

3.2.1.1 Gateway® Technology 

The proprietary Gateway® Technology (Invitrogen) is a cloning method based on bacteriophage 

lambda site-specific recombination that involves two main reactions: the BP recombination reaction, 

which is the first one to perform, and the LR recombination reaction, which is the second one. 



3. Materials and Methods 

 

25 
 

Before starting these reactions, attB PCR primers (Invitrogen) were designed according to the 

manufacturer instructions. Briefly, primers had to contain specific flanking-sites to allow recombination 

(attB sites) between the TTR insert and the vector. These designed primers – forward and reverse – 

depicted in Table I.1 (Appendix I) were used to clone all TTR variants in the appropriate plasmid used in 

this strategy (WT, V30M, L55P, L12P and T119M).  

The desired TTR cDNAs were amplified by standard PCR reactions with the attB primers using 

the reagents and program mentioned in Appendix I, Table I.4. The resulting PCR products were separated 

by size fractioning on a 1% agarose gel and the correct size of the DNA band confirmed by comparison of 

the DNA profile of the DNA ladder 1 Kb (Fermentas). The DNA bands were subsequently cut and 

purified with a Gel Extraction kit (QIAGEN). Then, a BP recombination reaction between the PCR 

product and intermediate vector, catalysed by BP Clonase
TM

, was performed (Appendix I Table I.2).  

The following step was the transformation of the BP reactions into DH5  E.coli competent cells 

in order to have a continuous source of DNA plasmid. Each BP reaction (1μl) was added to 50 µl of 

DH5  cells (maintained at -80ºC) that were incubated firstly on ice for 30 minutes. Following this 

incubation cells were subjected to a heat shock at 42ºC for 50 seconds, to open bacterial cell walls and 

allow the entrance of DNA. The cell wall was closed by incubation of cells for 2 min on ice. After a 

period of recovery, by incubating cells in 900 µl of LB (Luria Broth) media at 37ºC, 200 rpm, for 1 hour, 

the cells were harvested by centrifugation (3 minutes at 8400 rpm). Approximately 800 µl of supernatant 

was discarded and cells were gently resuspended in the remaining media (~100 μl) with a micropipette, 

plated on LB Kan plates (intermediate vector has kanamycin antibiotic as selective marker for bacteria) 

and incubated overnight at 37ºC.  

Clone confirmation was made by restriction analysis with the enzymes A and B after DNA 

extraction and purification from DH5  cells by boiling DNA preparation (adapted from Molecular 

Cloning a Laboratory Manual; Sambrook, Fritsch & Maniatis). For boiling DNA preparation acteria cells 

were harvested by centrifugation (3 minutes at 12000 rpm). Supernatant was removed from the 

centrifuged samples, and 160 μl of lysis buffer with lysozyme was added to rupture the cells (lysis buffer 

in the Table 3.1). Then the mixture was vigorously homogenized. 

Table 3. 1 – Lysis Buffer composition. 

Concentration Reagent 

50mM Tris-HCl (pH 8.0) 

50 mM 
EDTA – Ethylenediamine  

tetraacetic acid (pH 8.0) 

8% Sucrose 

0.5% TritonX-100 

1mg/ml Lysozime 

For alkaline lysis extraction, the samples were boiled at 95ºC for 2 minutes, centrifuged at 12000 

rpm for 15 minutes and the pellet was removed. DNA was precipitated at -20ºC, to prevent DNA strands 

from breaking and for no longer than 10 minutes to avoid TritonX-100 co-precipitation. Next, the samples 

were spinned for 15 minutes at 12000 rpm, the supernatant discarded and the pellet resuspended in 50 μl 

of water. 
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These digestions were then run in an agarose gel with EtBr and the presence or absence of the 

correct construct in each colony was evaluated according to the size of the fragments viewed when the gel 

was exposed to UV light. The DNA correspondent to a positive colony was extracted with QIAquick ® 

Gel Extraction Kit. Additionally, the cDNA sequence integrity was confirmed by sequencing prior to 

further cloning steps using commercially available primers that are able to sequence the entire insert, 

including start and stop codons. 

With the intermediate clones for all TTR variants verified, the LR reaction was performed. The 

purpose of this reaction is to obtain the expression clones and has as main components the entry clone, 

engineered during the BP reaction, and the chosen destination vector which was the vector pBLV. Notice 

that despite the existence of the coding sequence of EGFP in the vector backbone no TTR EGFP tagged 

proteins were engineered, as all TTR cDNAs contained a STOP codon. The flanking sites of the entry 

clone (attL sites) recombined with the attR flanking sites of the destination vector. This was accomplished 

by incubating overnight at 25ºC a well-mixed solution described Table I.3. The obtained expression 

clones were transformed in E.coli using the transformation protocol mentioned above. Transformants 

were selected with ampicillin. Expression clones were also confirmed by restriction analysis with the 

enzymes C and D after DNA extraction and purification using the boiling protocol. According to the 

recommendations in the Gateway manual no sequencing is necessary at this stage. 

The constructs obtained using the Gateway® Technology are depicted on Table 3.2. 

 

Table 3. 2 – DNA clones engineered using Gateway® Technology and the respective backbone and insert. 

DNA Clone Backbone vector Insert 

Intermediate Clones TTRs 

(WT, V30M, L55P, L12P and T119M) 
Intermediate vector 

TTRs (WT, V30M, L55P, 

L12P and T119M) 

Expression Clones pBLV_TTRs  

(WT, V30M, L55P, L12P and T119M) 
pBLV 

TTRs (WT, V30M, L55P, 

L12P and T119M) 

 

Stocks of the engineered constructs were maintained as pure DNA preparations at -20ºC and in 

transformed XL1-B and DH5α competent cells cryopreserved with 25% glycerol at -80ºC. 

 

 

3.2.1.2 Constructs to study TTR and Abeta 42 interactions 

The Aβ42 and TTR (WT, L12P and T119M) cDNAs used in this strategy were cloned in pBI. 

This commercially available vector is designed for the expression and functional analysis of eukaryotic 

genes in the yeast S. cerevisiae and contains the GAL1 and GAL10 yeast promoters in opposing 

orientation (bi-directional). With this vector it was possible to express the coding sequences of Aβ42 and 

TTR proteins in the same yeast cell host, using leucine as the selective auxotrophic marker (Leu-), under 

the control of inducible promoters. The co-expression of the target proteins is only activated when in 

presence of Galactose.  

The coding sequences used to construct the Aβ42 and TTR yeast model, and respective controls, 

are depicted on Table I.1 in Appendix I. All inserts were obtained by standard PCR reactions, using 

primers with restriction enzymes. The primers (Alfagene) were designed with specific restriction enzymes 
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to hold cohesive ends that link in specific sites of the plasmid, and then a PCR reaction was performed. 

This PCR reaction is described in Appendix II.1.  TTR variants were cloned in MCS2 (multiple cloning 

site 2) under the control of the GAL1 promoter, and Aβ42 was cloned in MCS1 (multiple cloning site 1) 

under the control of the GAL10 promoter.  

These PCR products were purified by size fractioning on a 1% agarose gel, containing ethidium 

bromide (EtBr), for TTR and pBI vector or 1.5% for Aβ42.  

For DNA purification 2 kits were available, the QIAquick ® PCR Purification Kit and the 

QIAquick ® Gel Extraction Kit. The first purifies DNA samples directly from optimized PCR reactions 

and the second purifies specific bands of DNA removed from agarose gels after size fractioning 

electrophoresis. 

The double digestion with enzyme E and F (for constructs to insert Aβ42 in pBI) was performed 

according with the manufacturer instructions (Fermentas). In the case of TTRs constructs, for double 

digestions the enzymes selected were G and H. Since the enzyme G has demonstrated to have star activity 

properties, which means that it cleaves the DNA in similar sites to its recognition sequence, it is 

recommended to avoid this effect by sequentially digesting the DNA (both insert and vector). Therefore, 

DNAs were first digested with G restriction enzyme and then with H, using Fermentas recommended 

buffers for each enzyme. Single digestions were performed for control. 

The digestions were performed according to manufacturer instructions with the exception of 

DNA quantity (1 μg of DNA for double digestions, 0.5 μg of DNA for single digestions) and the 

digestion reaction period. Inserts were digested overnight at 37ºC (as it is a PCR product) and the vector 

was digested at the same temperature for 2h. After digestion, both inserts and vector were purified. The 

same volumes of these samples (both insert and vector) were loaded into an agarose gel subject to an 

electrophoresis, and according to the intensity of the bands when exposed to UV light, calculations were 

performed to estimate the DNA concentrations of each sample for the ligation reaction 

Ligation reaction was performed for 2h at 24ºC containing 5X T4 DNA ligase buffer, 1U of T4 

DNA ligase. According to manufacturer instructions, different proportions of vector and insert were used 

for this reaction.  

All samples of recombinant DNA obtained from previous ligation reactions were then 

transformed in competent E. coli XL1-Blue strain. These transformations were performed aseptically and 

made by adding to 100 μl of cells all ligation reaction volume (10 μl) of recombinant DNA following the 

protocol described before. 

In order to check the clones, plasmid DNA was extracted from XL1-B cells by boiling using the 

same protocol as the one described in chapter 3.2.1.1. Confirmation of constructs was made by restriction 

analysis using the same enzymes used for cloning. Before moving forward in this study, the integrity of 

the cDNA sequences was confirmed by sequencing. The chosen primers to sequence were the 

commercially available primers of Gal10 cassette*. The clones obtained in this strategy are the ones 

represented on Table 3.3. 
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Table 3. 3 - DNA clones engineered in this strategy and the respective backbone and insert. 

Backbone vector Insert DNA Clone 

pBI 

Aβ42 pBI_GAL10-Aβ42 

TTR WT pBI_GAL1-TTRwt 

TTR-L12P pBI_GAL1-TTR-L12P 

TTR-T119M pBI_GAL1-TTR-T119M 

pBI_GAL10-Aβ42 

TTR WT pBI_GAL1-TTRwt_GAL10-Aβ42 

TTR-L12P pBI_GAL1-TTR-L12P_GAL10-Aβ42 

TTR-T119M pBI_GAL1-TTR-T119M_GAL10-Aβ42 

*Note: Only this construct DNA was confirmed by restriction analysis and sent to sequence. 
 

The XL1-B competent cells transformed were diluted in a 25% glycerol aqueous solution and 

cryopreserved at -80ºC. 

 

3.2.2 Yeast Transformation 

Transformations in yeast were done following two protocols, both based on the Lithium 

acetate/PEG transformation method (Amberg et al., 2005). The first one, designated one-step 

transformation (modified from Chen et al., 1991), uses yeast cells in stationary phase and usually yields 

lower transformation efficiencies when compared with the second method used (modified from Giez & 

Schiestl, 2007). This protocol uses cells in mid-exponential phase and is designated as high efficiency 

transformation protocol. The one-step transformation protocol was used to transform the constructs 

(obtained in chapters 3.2.1.1 and 3.2.1.2) in the yeast strain BY4741. ER Stress associated genes yeast 

deletion mutants (hac1Δ, dfm1Δ, ire1Δ and cwh41Δ strains) were transformed with the expression clones 

(empty vector, TTR WT, V30M and L12P) using the high efficiency protocol due to their lower ability to 

survive and in order to obtain a higher number of transformants (Giez & Schiestl, 2007). 

The first protocol mentioned, the one-step transformation, starts by harvesting the cells in 

stationary growth phase. These cells are turned competent using a single mixture and consequently 

transformed using as “helper DNA” salmon sperm (ssDNA). Preferably yeast cells used in this 

transformation should be from a fresh plate (YPD). 

Initially, cells were scrapped into 100 μl/transformation of sterile water, pellet was made and 

then cells resuspended in 100 μl/transformation of one-step buffer (described in Table I.5 in Appendix I). 

After dividing 100 µl into different microtubes for each transformation, 20µg ssDNA previously thawed 

on ice was added to each plus 1 µg of plasmid DNA. Samples were mixed and subjected to a heat shock 

at 45 ºC for 30 min. To remove PEG cells were washed with sterile water and centrifuged for 10 seconds 

at full speed. The pellet was resuspended in 100 µl of sterile water and plated.  

Independently of the protocol used, the transformants were selected in appropriate selection 

media plates (YNB with agar, 2% Glucose and amino acids lacking the essential amino acid that is the 

selection marker). For pBI constructs this essential amino acid is leucine and for expression clones 

(pBLV_TTRs) is histidine. After incubation 3 days at 30ºC, one colony of each transformation was 

isolated in a new selective media plate before use in further experiments. Yeast strains were preserved at -

80ºC in a cryopreserving solution containing 15% glycerol. 
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The high efficiency transformation protocol starts by pre-inoculating the cells in liquid YPD, 

with 200 rpm agitation, at 30ºC overnight followed by several steps to turn them competent. After the 

overnight incubation, OD600nm was measured and then cells were inoculated in YPD at a starting OD600nm 

of 0.2. Cells were incubated at 30ºC with 200 rpm shaking until they reached the mid exponential phase, 

where cells are actively dividing and the culture is healthy (normally with OD between range 0.7 and 

1.0). The culture was then harvested in a sterile tube at 6000 rpm for 5 minutes, and media was removed. 

The cells pellet was cleaned by washing cells with water. Supernatant was discarded and samples were 

transferred to a clean microtube and washed with 100mM of LiAc that was then discarded. Cells were 

resuspended in an aqueous solution of 400 μl of LiAc. Samples were agitated, divided in individual tubes 

for each transformation, pellet was made and the following reagents, described in Table I.6 (Appendix I), 

were added to each tube by the indicated order. 

After adding the reagents, the tubes were well agitated until the cell pellet dissolved, incubated at 

30ºC for 30 minutes and the heat shock was performed by placing the tubes at 42ºC in a water bath for 20 

minutes. The cells were washed with water, supernatant was removed and then cells were resuspended in 

sterile water and plated on selective media. 

 

3.2.3 Yeast growth conditions 

Transformed Saccharomyces cerevisiae yeast strains were pre-inoculated in selective media 

YNB Raf (2% Raffinose) lacking the essential amino acid and grown overnight at 30ºC with 200 rpm 

agitation. After this incubation the OD600nm were measured and the culture were inoculated at a starting 

OD600nm of 0.2 and incubated at 30ºC also with agitation for 8-10 h until the OD600nm reached the mid-log 

exponential phase. The media for this inoculation was YNB Raf for yeast cell viability assays and YNB 

Gal for protein expression. 

 

3.2.4 Protein extract preparation 

A cell suspension correspondent to 3 OD600nm of cultures in the mid-log exponential phase was 

centrifuged and pellets were stored at -20ºC. For protein extraction these pellets were resuspended in 100 

μl of a mix of SDS sample buffer with protease inhibitor cocktail (PIC). This mixture denatures the 

proteins by disrupting their covalent bonds force them to lose their native shape and, additionally, inhibits 

the function of proteases. 

All steps were performed on ice. The mixture of SDS sample buffer with PIC is described in 

Table I.7 and it was freshly prepared, with the proportion of 100µl of buffer: 1µl of PIC, homogenized 

and added to the yeast pellets. After this, samples were boiled for 5 minutes and centrifuged at 14 000 

rpm for another 5 minutes. Supernatants were removed to a new microtube and stored at -20ºC until 

needed.  

 

I.2.5 Western Blotting 

Protein analysis was performed by 15% SDS-PAGE gels separation (Table I.8 in Appendix I) 

and then transferred onto nitrocellulose membranes (Amersham) in a semi-dry system. The membranes 

were blocked with TBST 5% powder milk for 1h and incubated with monoclonal anti-Amyloid β 
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(Millipore), anti-pre albumin (DAKO) and anti-GAPDH (Ambion) antibody diluted in TBST 1% powder 

milk overnight at 4ºC (Table 3.4).  

 

Table 3. 4 – Primary and secondary antibodies used in WB, dilutions of each antibody used to detect the proteins 

Aβ42, TTR and GAPDH and their respective sizes. 

Primary antibody (dilution) Protein size (KDa) Secondary antibody* (dilution) 

Anti- amyloid β (1:1000) 4 Anti-mouse (1:8000) 

Anti- pre albumin (1:10000) 17 Anti-rabbit (1:8000) 

Anti-GAPDH (1:3000) 36 Anti-mouse (1:8000) 

*horseradish peroxidase-coupled (HRP) 

The membranes were then washed with TBST 1% powder milk, incubated with the secondary 

antibody conjugated with Horseradish Peroxidase antibody (Table 3. 4) diluted in TBST 1% powder milk 

for 30 to 45 minutes, room temperature. Then membranes were washed with TBST 1% powder milk, 

TBST and TBS. The bands were detected through a chemiluminescence reaction by adding to the 

membranes HRP Chemiluminescent Substrate. Images were acquired using the system Uvitech 

Cambridge Alliance 4.7 and the software Alliance or by using the classic method with X-ray film 

revealed in dark chamber. 

 

3.2.6 Yeast cell viability in solid media (dot spotting)  

After an overnight growth using the yeast growth conditions described in chapter I.2.3 and when 

the OD600nm reached the mid-log exponential phase, yeast cells were harvested at equal concentrations. 

Ten or five fold serial dilutions of each yeast strain were performed. Five dilutions were made. Each 

dilution (10 μl) was spotted on agar YNB Glu (2% Glucose) and Gal (2% Galactose) media plates lacking 

the auxotrophic marker. The plates were incubated at 30ºC and 37ºC. The colonies of yeast transformants 

growth was monitored for a total of 3 days and photos were taken at every 24h to compare growth. 

 

3.2.7 Yeast cell viability in liquid media 
 

This protocol, as for cell viability in solid media (chapter 3.2.6), starts by pre-inoculating the 

yeasts strains transformed with pBLV_TTRs in YNB medium containing RAF. After overnight growth, 

the yeast strains are inoculated in YNB Glu his- and YNG Gal his- at three different starting OD600nm 

(0.05, 0.1 and 0.2) and incubated at 30ºC. These dilutions were plated in 96 well plates (Frilabo) and 

growth was monitored for 44h, by OD measurement every 4 hours in BIOALVO’s Robotic Unit. Each 

sample was plated in triple. 

 

 

 

 

 

http://www.millipore.com/userguides/tech1/p36599
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3.2.8 Monitoring the ER Stress response activation with the 

reporter gene EGFP 
 

The yeast strain BY4741 transformed with ER stress vector and, as positive control of 

fluorescence, the plasmid pYX213_ADH_yEGFP (plasmids available at BIOALVO collection) were 

streaked in plates with selective media YNB Glu (2% Glucose) with agar lacking the essential amino acid 

uracile and incubated at 30ºC for two days. These three strains were then pre-inoculated in YNB Glu 

lacking the essential amino acid uracile and grown overnight at 30ºC with 200 rpm agitation. Then 

OD600nm was measured and inoculums were made at a starting OD of 0.2 on YNB Glu ura
-
 and incubated 

again at 30ºC for over 6 h until the OD600nm reached the range between 0.8 and 1.5. As the intent was to 

induce the promoter Kar2 and consequently promote the expression of EGFP, at an OD600nm of 0.4, the 

compound tunicamycin, a protein glycosylation inhibitor (1μg/mL), was added to the samples. Duplicates 

of these samples were harvested in the same conditions but without addition of tunicamycin (negative 

controls of this assay). After reaching the final ODs between 0.8 and 1.5, samples were prepared to 

observe at the fluorescent microscope.  

3.2.8.1 Fluorescence Microscopy 

To acquire fluorescence images, 1 ml of the cultures grown in YNB Glu lacking the essential 

amino acid uracile, at 30ºC, was concentrated by centrifugation, the supernatant removed and the pellet 

resuspended in 200μl of sterile water. Then, 10 μl aliquot of each sample was placed in a slide with a 

converslip on top. The culture was observed using an inverted epifluorescence microscope Zeiss Observer 

D1 with amplification of 400x. EGFP expression was observed using a band pass excitation filter 470/40 

nm and an emission band pass 525/50 nm filter. Images were acquired with camera HBO 100 and 

analyses performed with acquisition software Axiovision 4.6. 
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4.1. TTR Toxicity in Yeast 

4.1.1. Construction and characterization of yeast strains expressing TTR 

One of the goals of the current project was to evaluate the effects of TTR expression in yeast. All the 

TTR coding sequences were cloned without the signal peptide sequence to maintain this protein inside the cell 

avoiding the secretion to the extracellular media. 

In this approach a total of 5 DNA plasmids were engineered using the Gatheway® Technology to 

produce epissomal Gal expression vectors containing the coding sequence of the protein TTR WT and its 

variants TTR-V30M, TTR-L55P, TTR-L12P and TTR-T119M (Appendix II).  

In order to confirm the presence and size of the inserts in the intermediate clone backbone, restriction 

analysis was performed (Figure 4.1 A).  

 

(A) 

 
 

(B) 

 

Figure 4. 1 – Plasmid engineered using the Gateway® Technology. Representation of (A) Intermediate Clone and (B) 

Final pBLV_TTR clone general maps and the restriction sites to confirm the respective clones (applied to TTR WT and 

variants V30M, L55P, L12P and T119M).  

 

 

 
Figure 4. 2 - Restriction patterns observed by agarose electrophoresis gels to confirm Intermediate clones engineered, 

digested with restriction enzymes A and B: DNA size marker (lane 1); Intermediate clone TTR WT, undigested (lane 2) 

and digested (lane 3); Intermediate clone TTR-V30M, undigested (lane 4) and digested (lane 5); Intermediate clone TTR-

L55P, undigested (lane 6) and digested (lane 7); Intermediate clone TTR-T119M, undigested (lane 8) and digested (lane 9); 

Intermediate clone TTR-L12P, undigested (lane 10) and digested (lane 11). 



4. Results 

 

34 
 

The restriction patterns obtained were according to the expected. DNA electrophoresis (Figure 4.2) 

revealed two bands, one with 447 bp and other with 2500 bp. Before moving on to the next step of this cloning 

method all intermediate clone constructs were additionally confirmed by sequencing to assure the integrity of the 

cDNAs sequence.  

The final constructs with pBLV as backbone (pBLV_TTR WT, V30M, L55P, L12P and T119M) were 

also confirmed by restriction analysis. The restriction pattern obtained for positive constructs two bands, one 

with 594 bp and the other with 7254 bp. The positive results for all pBLV_TTRs (WT, V30M, L55P, L12P and 

T119M) constructs are represented in Figure 4.3.  

 

 

Figure 4. 3 – Restriction patterns observed by agarose electrophoresis gels to confirm pBLV_TTRs constructs 

engineered, digested with restriction enzymes C and D: DNA size marker (lane 1); pBLV_TTR WT, undigested (lane 2) 

and digested (lane 3); pBLV_TTR-V30M, undigested (lane 4) and digested (lane 5); pBLV_TTR-L55P, undigested (lane 6) 

and digested (lane 7); pBLV_TTR-T119M, undigested (lane 8) and digested (lane 9); pBLV_TTR-L12P, undigested (lane 

10) and digested (lane 11).  

 

All pBLV_TTRs clones and empty vector were transformed in BY4741 wild-type yeast strain.  

At this stage of the project all the tools necessary were engineered. Thus, this allowed the progress of 

the experiments by evaluating the TTR expression and toxicity in yeast.  

 

Western Blotting 

The next step was to demonstrate that TTR was being expressed inside yeast cells. This was proven by 

first culturing the transformants in the presence of. This trisaccharide is a more demanding sugar to be 

metabolized then galactose and glucose since is composed by fructose, galactose and glucose (Draycott, 2006; 

Guthrie & Fink, 1991). Then, the culture media was shifted to galactose in order to induce TTR gene expression. 

The yeast strain containing the pBLV empty vector was used as negative control and the yeast strain expressing 

TTR WT under GAL1 promoter control in pBI vector was used as positive control. Both controls included in this 

assay were grown under the same conditions of the pBLV clones under study.  

When the culture reached an exponential state the cells were harvested and total protein extracted. The 

samples were run under SDS-PAGE conditions and analyzed by western blot (WB) using anti-human TTR 

antibody (Figure 4.4). 
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Figure 4. 4 - Expression pattern of TTR and GAPDH in BY4741 transformed with pBLV_TTRs constructs incubated at 

30ºC. Cell lysate samples were reduced and boiled before loading in 15% SDS-PAGE gel. Samples were analysed by western 

blot using anti-human TTR antibody. TTR monomers can be observed in all expected lanes (WT, V30M, L55P, L12P and 

T119M).Membrane was incubated using anti-GAPDH antibody. As it was expected GAPDH can be observed in all lanes. 

As expected, results showed that intracellular TTR is being expressed in yeast, as monomer forms of 

TTR were detected. TTR-T119M was expressed in a pattern similar of wild-type TTR, but TTR-V30M and 

TTR-L12P were hardly detected. The difference in their expression pattern could be attributed to inefficient 

protein extraction, less expression inside the cell or due to molecular mechanisms of degradation inside the cell.  

In order to test the hypothesis of inefficient protein extraction, the membrane containing the TTR 

extracts was blocked again and incubated with anti-GAPDH antibody since GAPDH is a housekeeping gene 

(Figure 4.4). 

The hypothesis being tested was invalidated since the result demonstrated similar secretion patterns for 

all lanes. Hence, this may indicate that in the case of TTR-V30M and TTR-L12P there was less expression 

inside the cell or that the proteins were degraded before being extracted by molecular mechanisms of 

degradation inside the cell.  

 

Yeast TTR strains viability in solid media 

In order to evaluate yeast viability in solid media when expressing TTR WT and its variants (V30M, 

L55P, L12P and T119M) the monitoring of the yeast strains growth was performed in solid media (YNB GLU 

and GAL). Plates were incubated at 30 and 37ºC for 3 days and yeast transformants growth was monitored 

during these 3 (Figure 4.5). 
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Figure 4. 5 - Assay to evaluate cell viability in solid media for BY4741 yeast strain transformed with pBLV; 

pBLV_TTRWT; pBLV_TTR-V30M; pBLV_TTR-L55P; pBLV_TTR-L12P; pBLV_TTR-T119M. Photos taken 72h after 

spotting in plates with YNB Glu His- and YNB Gal His- solid media incubated at 30 and 37ºC. 

After 72h of incubation the transformants did not reveal a toxic phenotype upon yeast growth due to 

TTR expression (Figure 4.5). The plates after 48 hours of incubation exhibit the same results (data not shown). 

This study was repeated in order to confirm the absence of toxic phenotype when TTR WT and the studied 

variants are expressed on the S. cerevisiae BY4741 wild-type yeast strain and the same results were obtained. 

Yeast TTR strains viability in liquid media 

In addition to the previous result, the yeast cell viability in liquid media when expressing TTR WT and 

its variants (V30M, L55P, L12P and T119M) was also evaluated in 96 well plates incubated at 30ºC to allow the 

detection of minor phenotypic changes that may not be detected in solid growth. Before incubating the cultures, 

yeast cells grown overnight at 30°C in RAF media until OD600 reached the mid-log exponential phase. Cultures 

were incubated at three different initial ODs, 0.05, 0.1 and 0.2 for 44 hours with optical density (OD) readings 

every 4 hours. This experiment was undertaken with three different initial ODs since if there is a growth defect 

in the studied transformant this will be exacerbated at smaller starting culture ODs, this is, at lower cell 

concentrations in culture. The results of this assay are presented in Figure 4.6, for liquid growth in glucose and 

galactose with starting OD600nm of 0.2. The results for the other two starting ODs (0.05, 0.1) are not shown since 

they are very similar to the one presented.  

 

10x 10x 

10x 10x 
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(A) (B) 

  

Figure 4. 6 – Cell viability in liquid media in (A) Glucose (YNB Glu His-) and (B) Galactose (YNB Gal His-) for a culture 

growth with a starting OD600nm of 0.2 for BY4741 yeast strain transformed with: pBLV (Δ), pBLV_TTRWT (■), 

pBLV_TTR-V30M (▲), pBLV_TTR-L55P (▬), pBLV_TTR-L12P (□), pBLV_TTR-T119M (●). 

Cell viability assay plots (Figure 4.6) revealed cell growth with an initial lag-phase, an exponential 

growth phase and stationary-phase. When grown in galactose the yeast strains expressing TTR showed delayed 

growth when compared with cultures grown in glucose. For cells grown in glucose media (Figure 4.6 A) the 

exponential growth phase starts around 5 hours after starting incubation whereas in galactose (Figure 4.6 B) the 

exponential growth phase starts after 10 hours of incubation. In addition, the stationary-phase of the cultures in 

glucose is reached 18 hours after starting the assay while in galactose media this phase occurs 30 hours after. 

This discrepancy in growth was expected since galactose is a yeast carbon source more demanding to be 

metabolized than glucose (Timson, 2007). Additionally, the constructs transformed contain genes regulated by 

GAL promoter that are induced in the presence of galactose. The synthesis of these proteins is energy demanding 

to the cell which contributes to the delay in cell recover lag and mid-lag phases and reach the stationary and final 

phase before cell death (Figure II.6). 

Comparing the growth between all transformants (pBLV_TTRs and pBLV) one can notice that they 

have similar growth when incubated in glucose. When grown in galactose the TTR transformants have once 

more similar growth. However, in the case of BY4741 transformed with pBLV a minor delay is present (Figure 

4.6 B). These results suggest that TTR expression in BY4741 yeast cells is not toxic as it results in no 

phenotypic alterations in cell growth in liquid media, in accordance with the results obtained in solid media. For 

the pBLV empty vector the obtained result can be explained by the fact that the construct pBLV, used as an 

empty vector, in fact expresses EGFP when in presence of galactose. This way, this construct is not the most 

suitable to be used as a control when evaluating cell viability.  

4.1.2. Evaluating ER stress toxicity upon TTR expression 

4.1.2.1 EGFP reporter gene 

ER stress has been implicated in misfolded protein diseases molecular mechanisms that lead to 

cytotoxicity (Macedo et al., 2008). FAP disease is an example where this occurs (Macedo et al., 2008). The ER 

stress is a condition that occurs as a result of the accumulation of aggregated proteins and leads to cell apoptosis 
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in chronic situations (Lai et al., 2007). Therefore, we proposed to evaluate if TTR expression induces ER stress 

using a reporter gene system and tunicamycin, a compound that induces ER stress. This evaluation started with 

initial tests to an ER stress vector available at BIOALVO. This vector contains two key elements: an EGFP 

reporter gene under the control of a KAR2 promoter and a multiple cloning site under the control of a GAL 

promoter (Figure 4.7). The KAR2 promoter responds to ER stress induction.  

In case of detection of a toxic phenotype caused by expression of any TTR variant in BY4741 yeast 

strain further evaluation of specific ER stress induction will be performed. If this strategy goes forward TTR 

variants cloned are meant to under the control of a Gal promoter. This way, in this experiment we used the 

BY4741 yeast strain transformed with the ER stress vector cloned with both KAR2 and GAL promoters. As 

controls were used BY4741 yeast strains transformed with ER stress vector cloned with KAR2 promoter and 

pYX213_ADH_yEGFP constructs. The first was used as a control of the ER stress inducer compound 

tunicamycin and the latter as a fluorescence control. 

 

 

Figure 4. 7 – Map of the vector used to evaluate ER stress response with the EGFP gene. 
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ER stress vector                    (-) Tunicamycin ER stress vector                  (+) Tunicamycin 

  

Fluorescence control (pYX213_ADH_yEGFP) 

 

Figure 4. 8 – Fluorescence imaging assay with an ER stress inducer (tunicamycin) of BY4741 yeast transformed with 

ER stress vector cloned with both KAR2 and GAL promoters and pYX213_ADH_yEGFP (fluorescence positive control). 

The control of the ER stress inducer compound tunicamycin is not shown. 

In order to test the ER stress vector, the EGFP fluorescent signal was evaluated after inducing the 

KAR2 promoter with tunicamycin. According to the results (Figure 4.8) GFP fluorescent signal was observed, 

indicating that the ER stress reporter is functional. 

Since TTR expression was not toxic to yeast growth we decided not to pursuit with the cloning of TTR 

mutants in ER stress vector. Additionally was used an alternative strategy to approach ER stress effect in yeast 

cells upon TTR expression. 

4.1.2.2 ER stress related knock-out yeast strains 

Since TTR expression in BY4741 yeast strains did not reveal a toxic phenotype, new transformants 

were engineered using ER stress related yeast KO mutants (hac1Δ, dfm1Δ, ire1Δ and cwh41Δ) derivative of the 

S. cerevisiae BY4741 wild-type strain. 

These constructs were engineered to express TTR in yeast in order to evaluate the relation between TTR 

expression and ER stress response. For this, it was decided to use the TTR-V30M and L12P variants and wild-

type TTR as control. This decision was based on the fact that Val30Met mutation of TTR is the Portuguese form 
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of FAP (type I) and that Leu12Pro mutation is associated with intracellular deposition since patients with this 

type of TTR mutation exceptionally have aggregates in the tissues where TTR is secreted. 

After obtaining the yeast KO mutants (hac1Δ, dfm1Δ, ire1Δ and cwh41Δ) transformed with TTR 

constructs, cell viability in solid media was evaluated when expressing TTR (Figures 4.9, 4.10, 4.11 and 4.12). 

The conditions of this experiment were the same as the ones used for the assay of BY4741 transformed with 

TTR constructs described before. 

 

Figure 4. 9 - Assay to evaluate cell viability in solid media for hac1Δ yeast deletion mutant strain transformed with 

pBLV; pBLV_TTR WT; pBLV_TTR-V30M; pBLV_TTR-L12P. Photos taken 72h after spotting in plates with YNB Glu 

His- and YNB Gal His- solid media incubated at 30 and 37ºC. 
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Figure 4. 10 - Assay to evaluate cell viability in solid media for dfm1Δ yeast deletion mutant strain transformed with 

pBLV; pBLV_TTR WT; pBLV_TTR-V30M; pBLV_TTR-L12P. Photos taken 72h after spotting in plates with YNB Glu 

His- and YNB Gal His- solid media incubated at 30 and 37ºC. 

 

Examining the growth in solid media of the strains lacking HAC1 and expressing TTR, no toxic 

phenotype was observed after 72h of incubation when comparing to the negative control which are the cells 

transformed with empty vector (Figure 4.9). Similar results were observed in a strain lacking DFM1 (Figure 

4.10). These results suggest that these deleted genes (HAC1 and DFM1) are not essential to yeast cells viability. 

The viability of strains lacking IRE1 and CWH41 in solid media when expressing TTR were also 

studied (Figure 4.11 and 4.12). In the case of these two strains more dilutions were made of the yeast strains 

culture when the cell viability assay was repeated for improve the results. 
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Figure 4. 11 - Assay to evaluate cell viability in solid media for ire1Δ yeast deletion mutant strain transformed with 

pBLV; pBLV_TTR WT; pBLV_TTR-V30M; pBLV_TTR-L12P. Photos taken 72h after spotting in plates with YNB Glu 

His- and YNB Gal His- solid media incubated at 30 and 37ºC. 

 

 

Figure 4. 12 - Assay to evaluate cell viability in solid media for cwh41Δ yeast deletion mutant strain transformed with 

pBLV; pBLV_TTR WT; pBLV_TTR-V30M; pBLV_TTR-L12P. Photos taken 72h after spotting in plates with YNB Glu 

His- and YNB Gal His- solid media incubated at 30 and 37ºC. 
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Evaluating the growth in solid media after 72h of incubation of the strain ire1Δ (Figure 4.11), we can 

observe that both transformants with pBLV_TTR-V30M and pBLV_TTR-L12P share the same phenotype. The 

same occurs between the strains transformed with pBLV and pBLV_TTR WT. As it was mentioned above, the 

pBLV construct, used as an empty vector, in fact expresses EGFP when in presence of galactose. This construct 

is not the most suitable to be used as a control when evaluating cell viability and therefore results should be 

further confirmed with a more suitable control.  

Despite the facts mentioned previously, these results indicate that ire1Δ expressing TTR variants V30M 

and L12P have similar behaviors versus the same KO yeast strain when expressing WT TTR and EGFP.  

Finally, in the cwh41Δ mutant expressing TTR WT, Val30Met and Leu12Pro no delay in growth was 

detected (Figure 4.12).  

 

4.2.  TTR and Aβ42 interaction 

With the goal to initiate a study on TTR and Aβ42 peptide interaction a new platform was designed so 

that both proteins can be co-expressed in yeast. 

Both Aβ42 and TTR (WT, Leu12Pro and Thr119Met) protein coding sequences were cloned in pBI 

vector, having TTRs under the GAL1 promoter and Aβ42 under the GAL10 promotor. One should notice that 

the Aβ peptide is a cleavage product the functional protein amyloid precursor protein (APP) (Misumi et al., 

2011). Thus, a start and stop codon in the DNA sequence that was cloned in order to induce its expression. 

Additionally, as in the previous chapter TTR was cloned without the signal peptide sequence. 

The first construct engineered with pBI vector as backbone was pBI_GAL10-Aβ42. Clone confirmation 

was made by restriction analysis with the enzymes E and F (Figure 4.13). 

(A) 

  

(B) 

 

Figure 4. 13 - Representation of the plasmid 

engineered using pBI vector as backbone. General 

map and the restriction sites to confirm the clone 

pBI_GAL10-Aβ42 

Figure 4. 14 – Restriction patterns observed by 

agarose electrophoresis gels to confirm constructs 

engineered. Clone pBI_GAL10-Aβ42 undigested 

(lane 2) and digested (lane 3) with restriction enzymes 

E and F. 
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The restriction patterns obtained were according to expected confirming the constructs as after DNA 

electrophoresis two bands with 132 bp and 7700 bp were observed (Figure 4.14). This clone was also confirmed 

by sequencing to guarantee the integrity of the DNA sequence.  

Western Blotting 

The expression pattern of Aβ42 peptide was determined. This was performed by incubating the 

transformant BY4741 transformed with pBI_GAL10-Aβ42 at 30ºC in the presence of raffinose and then in 

galactose to induce Aβ42 expression. As control for Aβ42 expression the BY4741 yeast strain transformed with 

pBI_GAL1-Aβ42- mCherry construct was used. Aβ42 peptide produced in vitro was used as positive control. 

Both controls were available at BIOALVO.  

After the cultures grew to an exponential phase, cells were harvested and lysates were collected for 

analysis. The samples were then run under SDS-PAGE conditions and analyzed by western blot using anti-β 

amyloid antibody (Figure 4.15). 

  

Figure 4. 15 - Secretion pattern of Aβ42 in yeast cells transformed with pBI_GAL10-Aβ42 and pBI_GAL1-Aβ42-

mCherry plasmids incubated at 30ºC. Cell lysate samples were reduced and boiled before loading in 15% SDS-PAGE gel. 

Membrane was incubated using anti-β amyloid antibody. The Aβ42 peptide expression in yeast is only detected when fused 

with mCherry. 

 

Protein bands identified in the nitrocellulose membrane by western blotting have the expected size 

(Figure 4.15). The Aβ42 peptide has a molecular weight of 4 kDa and is detected in WB at around 6 kDa 

according to anti-amyloid β antibody manufacturer. In the lane were the Aβ42 peptide positive control was 

loaded we can observe a smear. This smear can result from too much sample loaded and due to the peptide fibril 

formation in vitro, that can be SDS-resistant (Bitan et al., 2003). 

Results demonstrate that intracellular Aβ42 protein was only detected when expressed in fusion (Aβ42-

mCherry). 

Due to time management, while the previous assay to evaluate the expression of Aβ42 in yeast was 

being evaluated, the remaining constructs with TTR alone and with both TTR and A β42 were engineered. 

However, since the peptide expression was not detected unless when tagged (Aβ42-mCherry) this study was 

interrupted for reassessment. This way, the remaining constructs (Table 4.1) were not confirmed.  
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Table 4. 1 – Final constructs for the study of the interaction between Aβ42 and TTR. The first clone (identified by light 

gray) was confirmed and used in experiments referred previously. The remaining constructs were not confirmed.  

Final Constructs Validation 

pBI_GAL10-Aβ42 Confirmed by restriction analysis and sequencing 

pBI_GAL1-TTR WT 

Not confirmed 

pBI_GAL1-TTR-L12P 

pBI_GAL1-TTR-T119M 

pBI_GAL1-TTR WT_GAL10-Aβ42 

pBI_GAL1-TTR-L12P_GAL10-Aβ42 

pBI_GAL1-TTR-T119M_GAL10-Aβ42 
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5.1. TTR toxicity in yeast 
 

In this work a platform was developed using Saccharomyces cerevisiae as a cellular model for 

the screening of compounds with the potential to ameliorate or prevent the cytotoxicity caused by TTR 

mutations that leads to pathogenicity in FAP.  

Extracellular accumulation of TTR aggregates appears to be involved in several molecular 

mechanisms in neurotoxicity that consequently lead to cell dysfunction and death in several 

neurodegenerative diseases including FAP (Hou et al., 2007; Gasperini et al., 2011; Sousa et al., 2001; 

Macedo et al., 2007). Between all these cellular mechanisms, the ER stress was selected to be evaluated 

when expressing TTR in yeast since it has been strongly related to FAP neurotoxicity (Macedo et al., 

2008 Teixeira et al., 2006, Sato et al., 2007, Nikawa et al., 1996). ER stress arises in a cellular stress 

condition due to expression and accumulation of misfolded proteins in the ER lumen (Paschen & 

Mengesdorf, 2005). In response to this perturbation an ER-specific stress response is activated (Teixeira 

et al., 2006). This response is denominated unfolded protein response (UPR) (Teixeira et al., 2006). 

Hence, an evaluation of the involvement of the ER stress pathway in the cellular toxicity caused by the 

expression of TTR in yeast was performed. This approach to study TTR and its role in FAP pathology is 

being explored in this model organism for the first time. In order to assess the toxicity of different 

variants of TTR the isoforms Val30Met, Leu55Pro, Leu12Pro and Thr119Met were studied additionally 

to wild-type TTR. 

ER stress condition in yeast due to TTR expression was induced by cloning all TTR isoforms 

without signal peptide as it intended to keep the protein inside the yeast cell. Since TTR in being 

expressed without signal peptide is not guided to the ER or the secretion pathway (Hiss & Schneider, 

2009) and probably accumulates in the cytoplasm (WoLF PSORT tool). This accumulation may trigger 

ER stress given that TTR is a protein described as having amyloidogenic potential (Saraiva, 2002; Sousa 

& Saraiva, 2003). Additionally, when misfolded proteins start to accumulate other degradation pathways 

such autophagy and Ubiquitin Proteasome Systems (UPS) are triggered (Kraft et al., 2010). Furthermore, 

Vidal and co-workers (2011) recently reported that alterations in the secretory pathway, particularly in the 

ER, are also particular features of another neuropathological disease, the Huntington’s disease, which is 

caused by a mutation in the Huntingtin gene that code for a protein that is also called Huntingtin (Htt) 

protein. The Htt is a cytoplasmic protein that when mutated tends to aggregate (Vidal et al, 2011).  

This tool was characterized by evaluating intracellular TTR expression pattern and the effect that 

this expression has in the viability of BY4741 yeast strain. Intracellular expression in yeast of all TTR 

isoforms was confirmed by Western blot. Comparing the expression patterns of the different TTR variants 

(Figure 4. 4) it was evident that the TTR variant T119M was expressed with comparable efficiency as the 

wild type TTR. The TTR variants L55P, V30M and L12P were hardly detected, particularly the latter 

two. Since the expression systems are the same for all TTRs, it can be hypothesized that differences in 

final protein concentration might be due to differential degradation of some isoforms. This idea is 

supported by recent equivalent studies when expressing wild-type TTR and TTR variants V30M, D18G, 

T119M, A25T and E54K in mammalian cells (Sato et al., 2007).This hypothesis should be further tested 

by treating the yeast cells with inhibitors of degradation pathways.  
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In order to evaluate the effect of TTR expression in yeast cells phenotype assays of cell viability, 

in solid and liquid media, were performed. TTR expression in yeast did not cause a growth delay. 

However, the pBLV Gateway® vector used as TTR expression control in fact expresses EGFP when in 

presence of galactose. Overexpression of EGFP can cause this protein accumulation in the cell (Katayama 

et al., 2008). Notice that the EGFP present in the TTR Gateway® constructs was not being expressed 

since a stop codon was inserted between the two open reading frames. Therefore, although the lack of 

toxicity seems to be verified, these experiments should be repeated with a more suitable control. 

In yeast, when misfolded proteins start to accumulate, a response dependent on the chaperone 

KAR2 is activated. This way, and with the goal of evaluating if TTR expression induces ER stress, initial 

experiment was performed with an ER stress vector which would be used for this evaluation. This ER 

stress vector contains an EGFP reporter gene under the control of a KAR2 promoter. The experiment to 

test the ER stress vector consisted in a preliminary evaluation of the EGFP fluorescent signal after 

inducing the KAR2 promoter with tunicamycin. The results of this experiment indicated that the ER 

stress reporter is functional as a GFP fluorescent signal was observed. 

As no evidence of toxic phenotype was detected when expressing TTR in yeast and because we 

were focusing on ER stress molecular mechanism, this project strategy shifted. This way, we performed 

studies in ER stress response when expressing TTR (WT, V30M and L12P) in yeast knock-out deletion 

strains for ER stress associated genes (hac1Δ, dfm1Δ, ire1Δ and cwh41Δ) selected through the SGD. All 

four strains are derivates of the S. cerevisiae BY4741 wild-type yeast strain. ER stress studies were 

performed by an assay to evaluate yeast KO cell viability in solid media. 

CWH41 and DFM1 genes encode proteins that are indirectly involved in ER stress by perturbing 

ER normal function (Hitt & Wolf, 2004; Sato & Hampton, 2006). HAC1 gene codes for a basic leucine 

zipper (bZIP) transcription factor (ATF/CREB1 homolog) that regulates the unfolded protein response 

(SGD). TTR expression in these three disrupted strains showed no growth delay. The results obtained in 

these three KO strains assay (hac1Δ, dfm1Δ and cwh41Δ) suggest that the intracellular accumulation of 

TTR is not affecting normal cell growth. This assay results should be further confirmed with a more 

suitable negative control for TTR expression for all four KO yeast strains. 

According to Cox and co-workers (1993), under stress conditions IRE1 is a gene essential for 

cell viability since it is an ER stress sensor which transmits the unfolded protein signal across the ER. 

Considering this, it makes sense that an IRE1-disrupted strain shows growth delay upon TTR expression.  

TTR variants V30M and L12P expressed in ire1Δ shared similar cell growth. Ire1Δ expressing 

WT TTR grew less than V30M and L12P, suggesting that a toxic effect on expression of this specific 

isoform. Nevertheless, this KO yeast transformed with pBLV vector also presents a growth delay similar 

to WT TTR. As discussed above, this control should be improved because expression of EGFP can cause 

toxicity. This set of experiments will be repeated using a non-expressing plasmid as control in order to 

confirm the growth arrest phenotype observed in yeast transformed with WT TTR. 

In yeast, the UPR pathway is linear (Lai et al., 2007; Urano et al., 2000). Thus, mutations in 

upstream components of this pathway are phenocopied by mutation in downstream ones (Urano et al., 

2000). This way we would expect to obtain similar results in hac1Δ and ire1Δ yeast strain when 
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expressing wild-type TTR and TTR variants V30M and L12P. However, as it was previously described, 

this did not occur. 

 
 

5.2. TTR and Aβ42 interaction 

 
According to recent in vivo studies, transgenic mice carrying AD showed a slower progression of 

the disease and absence of neurodegeneration when TTR was being expressed (Costa et al., 2008; 

Buxbaum et al., 2008). Additionally, Costa and co-workers (2008) demonstrated that the co-incubation of 

TTR with Aβ resulted in reduction of aggregation state of the Aβ peptide. Hence, these studies suggest 

that Aβ/TTR interactions may lead to new clues to clarify the mechanisms that lead to pathology in AD. 

For these reasons it was decided that it would be interesting to include in the current project an initial 

study of this interaction as we proposed to investigate the cellular consequences of expressing Aβ and 

TTR in yeast. Therefore, a yeast platform for the study of TTR and Aβ42 interactions was developed.  

All coding sequences were cloned in a yeast bi-directional epitope-tagging vector (pBI) with 

epissomal expression in which one or two protein coding sequences can be expressed in yeast 

(Saccharomyces cerevisiae) at similar levels with two yeast promoters, GAL1 and GAL10, in opposite 

orientations. This vector contains as yeast-selectable auxotrophic marker leucine. Since the promoters are 

both GAL, the expression or co-expression of the proteins is only activated in presence of the substrate 

Galactose. Although some literature refers that proteins expression regulated by GAL10 is superior when 

compared to the ones expressed by the promoter GAL1, the difference between expression under 

promoters GAL1 and GAL10 has shown to be not significant (Lijima et al., 2010). 

The construct pBI_GAL10-Aβ42 was engineered and intracellular Aβ42 expression pattern 

evaluated. In this experiment the Aβ42 peptide was only detected when fused to mCherry (Aβ42-

mCherry). This result is consistent with what was reported by Caine et al. (2007) where the production of 

native Aβ42 in yeast was not detected. A hypothesis to explain the lack of detection of native Aβ42 is the 

continuous degradation of this peptide by yeast proteases while it is produced (Caine et al., 2007). 

However, this hypothesis still needs to be tested. In order to continue with this project the Aβ42 peptide 

should be used in fusion. 
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6 Conclusions 

In conclusion, a platform was developed using Saccharomyces cerevisiae as a cellular model for 

the screening of compounds with the potential to ameliorate or prevent the cytotoxicity caused by TTR 

mutations that lead to pathogenicity in FAP. Through this first time explored approach the toxicity of five 

TTR isoforms were studied (WT, L12P, V30M, L55P and T119M) in yeast. 

TTR expression in yeast was confirmed and TTR toxicity assays revealed no growth delay when 

expressing TTR in wild-type yeast. Since in this study TTR variants expression patterns were different 

between the different TTR variants and wild-type TTR, this might suggest that yeast cell quality controls 

regulates the 5 isoforms differently. 

Studies in ER stress response were performed using four yeast KO deletion strains (hac1Δ, 

dfm1Δ, ire1Δ and cwh41Δ) expressing WT TTR and the variants V30M and L12P. Expression of TTR 

WT, V30M and L12P in mutant strains hac1Δ, dfm1Δ and cwh41Δ did not showed cell growth delay. 

Ire1Δ transformed with pBLV vector and pBLV_TTR WT had similar growth. Similar cell growth was 

also observed between TTR variants V30M and L12P were expressed in this strain.  

Yeast cell viability for BY4741 wild-type strain and KO mutants when expressing TTR should 

be further confirmed with all the transformants engineered using a more suitable negative control for TTR 

expression. Additionally, the growth of each KO yeast strain will be compared to wild-type yeast in both 

stress and non-stress conditions. This experiment will show if these four KO strains grow more or less 

than wild-type yeast and the responsive of each to ER stress conditions. 

Despite needing further confirmation, initial results suggest that TTR is causing toxicity through 

activation of ER stress mechanisms and that this pathway can be used for the future screening of 

compounds that modulate this effect. Future studies should be addressed using ire1Δ KO yeast strains 

transformed with the ER stress vector expressing wild-type TTR and variants V30M and L12P. This 

would allow monitoring of ER stress response activation due to the reporter gene. 

As described in this work, we also proposed to study TTR and Aβ42 interaction in yeast. 

However, native Aβ42 expression was not detected inside yeast cells in order to proceed to further 

studies. Hypothesis to explain this result such as continuous degradation of this peptide while it is 

produced by yeast proteases should be evaluated. Additionally, the absence of native Aβ42 in cell media 

should be confirmed to discard excretion as reason for lack of detection of native Aβ42. Since this 

platform may enable the study of compounds that may help to understand this interaction by co-

expressing these two proteins this studies should continue using Aβ42 tagged with a fluorescent protein 

such as mCherry or EGFP.  

The findings described in this master thesis will hopefully be useful for studies in FAP pathology 

or other misfolded protein diseases and provide new clues for new therapeutic strategies.  
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