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“Life is what happens to you while you're busy making other plans” 

John Lennon 
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Amyloid diseases 

The folding process is a crucial step for the correct function of mature native proteins. 

For this reason, cells have developed complex mechanisms in order to protect folding 

and avoid any related malfunction1,2. More than 40 human proteins are known to 

misfold driving the formation of toxic aggregates, such as oligomers, protofibrils and 

amyloid fibrils2,3,4. Protein misfolding and aggregation is the cornerstone of a 

significant number of human diseases such as Alzheimer’s disease, Huntington’s 

disease, or type II diabetes. Many of these diseases have their molecular origin in 

misfolding mechanisms related to certain proteins. A relevant group in this typology is 

amyloidosis. Amyloid diseases are linked to alteration or damage of an organ function 

produced by accumulation of extracellular deposits, known as amyloids5. 

All amyloids deposits have very similar properties in terms of morphology and 

structural features: 

1. They form fluorescent complexes with thioflavines S and T. 

2. In presence of Congo red, using a polarized light microscopy, they show a green 

birefringence. 

3. Most of the deposits are formed by fibrils with a diameter from 7 to 10 nm6. 

4. These fibrils are mainly constituted by polypeptidic chains arranged in a β-sheet 

extended shape and containing the β-strands perpendicular to the axis of the 

fibril. 

Nowadays, about 20 human proteins have been identified as amyloid precursors in a 

wide range of pathologies. Transthyretin protein (TTR) is one of them. Independently 

of the protein involved in the amyloidogenic process, it is commonly accepted that the 

formation of amyloid deposits follows the same pathway in all cases, with a 

conformational change as the starting point. These deposits are formed by small 

protein-containing polymers with a low molecular weight, also called amyloid fibrils. 

This type of deposits is highly insoluble due to their β-sheet structural folding.  

Transthyretin  

Transthyretin (TTR, also called prealbumin) is a tetrameric protein produced in the liver 

hepatocytes, plexus choroideus7 and retina. TTR is involved in the extracellular 

transport of thyroid hormones and vitamin A, through a complex with serum retinol-

binding protein. TTR functions as backup transporter for these kinds of hormones 

(such as thyroxine, also called T4) in plasma, and as a main transporter across the 

blood brain barrier.  
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Each TTR monomer contains 127 aminoacids, and has a β-sandwich conformation, 

consisting of eight β strands (designated A to H) arranged in two β sheets (labelled 

DAGH and CBEF), and a short α helix between the E and F strands8 (Figure 1). Both β-

sheets are separated by about 10 Å. 

 

Figure 1. TTR monomer structure.  

The TTR dimer (AB) is stabilized by an antiparallel hydrogen bonding network between 

the two adjacent F and H strands of both monomers. The functional TTR 

homotetramer is assembled by two TTR dimers (AB-A’B’). This TTR tetramer presents a 

central channel in the dimer-dimer interface where the two equivalent binding sites 

are located, which can accommodate simultaneosly two molecules of the natural 

ligand thyroxine (T4), as well as other small molecules (Figure 2). 
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Figure 2. TTR tetramer structure representation, highlighting the hormone binding channel. 

Presently, around 200 crystallographic structures of TTR protein have been solved and 

reported in the bibliography (the atomic coordinates of most of these structures are 

deposited in the Protein Data Bank, www.rcsb.org). This extremely comprehensive 

work has allowed a full characterization of the TTR binding sites, which has been key in 

the development of this thesis. The main features of the TTR binding site are: 

a) The existence of three regions with different chemical features (Figure 3): 

 A charged region on the binding pocket entrance 

 A hydrophobic region, located in the central part 

 A polar region at the bottom of the binding pocket, near the center of the 

TTR homotetramer structure. 
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Figure 3. Chemical nature of the ligand binding site of TTR. TTR binding site can be divided in 3 regions, 

depending on the chemical functionality of the aminoacid residues. 

b) The presence in each binding site of six (three symetry-related pairs) small 

hydrophobic depressions – termed halogen binding pockets (HBP) – as 

revealed by the crystal structure of TTR in complex with tyroxine hormone 

(T4)9,10 (Figure 4).  

 

Figure 4. The crystallographic structure of the complex of TTR and thyroxine T4,  reported on the Protein Data 

Bank (PDB ID: 1ICT)
10

. 
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The innermost HBP pockets (HBP3 and HBP3’), located at 6 Å from the centre of the 

tetramer, are formed by the side chains and backbone atoms of Ala108, Ala109, 

Leu110, Ser117 and Thr119 of the monomers A and A’ respectively. HBP2 and HBP2’ 

are defined by residues Ala108, Ala109 and Leu110 of one of the two neighbouring β 

strands and Lys15 and Leu17 of the other one. Finally, the outermost pockets, termed 

HBP1 and HBP1’ and located about 13 Å of the tetramer centre, are composed by the 

side chains of Thr106, Ala108, Met 13 and Lys15 (Figure 5). 

 

Figure 5. HBP pair pockets located on the TTR binding site, from the TTR-T4 crystal structure
10

. 

TTR-related amyloid diseases 

The malfunction of TTR is the cause of a series of rare amyloid diseases: familial 

amyloid polyneuropathy (FAP), familial amyloid cardiomyopathy (FAC), central nervous 

system selective amyloidosis (CNSA) and senile systemic amyloidoses (SSA).  

For SSA, the deposit (mainly constituted by wild-type TTR protein) can be found on the 

brain, heart, pancreas and spleen. This disease affects around 25% of the population 

over 80 years11.  

Certain mutations cause CNS amyloidosis12. Patients with this involvement are rare to 

find and usually, they present deposits in the leptomeningeal vessels and in the 

subarachnoid membrane. In addition, it is common to observe the presence of non-

CNS amyloids also in the kidney, heart and skin. 

FAP is a hereditary amyloidosis caused by single aminoacid mutations across the 

peptidic sequence of the protein. The disease affects pain and temperature 

perception, and causes gastrointestinal, cardiac or even renal disfunctions.  

In the case of FAC, fibrils are accumulated on the patient’s heart. Both the wild-type 

TTR protein and the TTR mutant V122I can produce this disease. This single-point 

mutation is present in 4% of the Afro-American population13,14. 
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More than 100 mutations have been reported for the TTR protein, and only 13 are 

non-amyloidogenic15. The mutations are distributed along all the protein sequence, 

but the most amyloidogenically aggressive mutations are related to residue 5516,17. 

TTR amyloid deposits are produced by a still poorly characterized mechanism that 

involves several steps such as: dissociation of the tetramer, monomer conformational 

changes, aggregation of modified monomers into non-fibrillar oligomers, that later 

form protofibrils and further elongate into mature fibrils18 (Figure 6). 

 

Figure 6. Proposed mechanism of amyloid fibrils formation. 

The generally accepted hypothesis19 supports that the first step of this mechanism is 

the tetramer dissociation into non-native monomers, with conformational changes 

that drive the system into a decrease of their thermodynamic stability. The modified 

monomers form soluble amyloid aggregates that are able to evolve into insoluble 

fibrils through autoassembling processes. In vivo conditions for the formation of 

amyloid fibrils are still unknown, but many studies have revealed that the crucial point 

of this pathway is the low stability of the TTR tetramer20. In vitro, the formation of 

fibrils may be triggered by decreasing the pH of the media. In addition, it is possible to 

correlate the pH value at which amyloidogenicity is induced and the pathogenicity of a 

given TTR mutant21. 

Therapeutical strategies for TTR-related amyloidoses  

Liver transplantation22,23
 is currently the only therapy for FAP and FAC amyloidosis, 

with limited clinical success, and not applicable to mutants that develop amyloidosis in 

the central nervous system, where TTR is also synthetized. In addition, liver 

transplantation has some disadvantages: 

 The disease is only slowed down, because TTR mutants can be also synthesized 

on the plexus choroideus and retina. 

 Symptomatology is not improved due to the already existing amyloid deposits. 

 High difficulty of finding organ donors and the concomitant risk of surgery. 
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 Expensive costs 

 Lifelong administration of immunosupressants 

 Sometimes, development of cardiac and ocular dissorders 

Other TTR-related amyloidosis therapies have been studied, such as: 

1. Gene therapy to increase stability of the protein by specific mutations in order 

to delete the amyloidogenic TTR variants24. 

2. Amyloid deposits disolution25. 

3. Avoiding aggregation mechanism disrupting fibrils interactions26.  

4. TTR tetramer stabilization by binding of small molecules on the hormone site 

channel. 

The design of new TTR ligands to stabilize the tetramer is the framework of this thesis. 

It is based on the hypothesis, suggested by Kelly et al22, that the binding of small 

molecules to the T4 binding site, produces the kinetic stabilization of the tetramer, and 

will prevent the initial tetramer dissociation required for the fibril formation21. 

It has been demonstrated that many small molecules, with a wide range of chemical 

scaffolds, are able to mimic the hormone capability to bind TTR, thereby stabilizing the 

whole tetramer27,28,29 (Figure 7). 

 

Figure 7. Some of the TTR stabilizers reported in the literature. 
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One of most promising TTR amyloidogenic inhibitors, which has recently been 

launched on the market as an orphan drug for FAP disease, is Tafamidis (also called Fx-

1006A or Vyndaqel®)30. This drug has been approved by the European Medicines 

Agency (EMA) for the FAP treatment as a meglumine salt. It has been possible to 

demonstrate that Tafamidis slows the disease progression in adult patients with an 

early stage of FAP. It was discovered by Jeffery W. Kelly et al.31 through a structure-

based drug design strategy, and it was developed at FoldRx Pharmaceuticals, a 

company that was acquired in 2010 by Pfizer. 

This orphan drug interacts with the TTR tetramer by a kinetic stabilization pathway, 

providing pharmacological evidences that the process of amyloid fibril formation 

causes this disease.  

Treatment with Tafamidis dramatically slows the process of amyloid fibril formation 

and the degeneration of post-mitotic tissue. Tafamidis is currently being considered for 

approval by the United States Food and Drugs Administration (FDA). 

In this context, a multidisciplinary Consortium was created in Barcelona in 2000 with 

the aim of discovering new TTR ligands, with expertise in three different areas:  

 Compounds synthesis: carried out by the team leaded by Dr. Gemma Arsequell 

and Dr. Gregorio Valencia, at the Institut de Química Avançada de Catalunya 

(IQAC-CSIC, Barcelona) 

 Biochemistry and protein engineering: performed under the supervision of Dr. 

Antoni Planas from Institut Químic de Sarriá (Universitat Ramon Llull, 

Barcelona). 

 Computational studies: lead by Dr. Nuria B. Centeno from Research Programme 

on Biomedical Informatics (Universitat Pompeu Fabra, Barcelona) and Dr. Jordi 

Quintana from Drug Discovery Platform (Parc Científic de Barcelona, 

Barcelona). 

In addition, this Consortium has cooperated closely with the Neurobiology Unit of 

Molecular and Cellular Biology Institute of the University of Oporto, which carries out 

biomedical research related to amyloid diseases. 

Several rational drug design workflows have been developed by our Consortium 

through the last years working on TTR fibril inhibition, and more than 800 compounds 

have been synthesized and tested against this protein. A database compiling all this 

chemico-biological information was built and it is used nowadays within our 

Consortium to define new and faster ways to find new and potent TTR fibrillogenesis 

inhibitors. 
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Due to the large amount of work previously performed, it has been possible to 

establish a chemico-biological data and knowledge base, from which all the 

computational work in this thesis project has been carried out. 

The following chapters on this tesis include a specific introduction to the particular 

topics covered in each chapter. The thesis contains several published scientific articles, 

which are listed as bibliographic references in Annex 1 (List of Publications). In 

addition, Annex 2 (List of PDB crystallographic structures), includes the bibliographic 

references for several crystal structures of TTR-ligand complexes, and other proteins 

(Cytochromes CYP450), which have been used throughout the research described in 

the thesis chapters. 
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The general goal of this thesis is the contribution to the design and discovery of new 

compounds able to interact with high affinity with the hormone binding site of the 

homotetrameric protein transthyretin (TTR), and stabilize this tetramer, becoming 

drug candidates to treat several rare amyloid diseases associated with TTR. 

This general goal has been approached through the development of several 

computational workflows and chemico-biological databases, and in collaboration with 

two experimental research laboratories of our TTR Consortium (one contributing with 

the chemical synthesis or acquisition of the designed compounds, and the other 

contributing with the biological activity assay results for the synthesized or acquired 

compounds). 

The specific objectives of this thesis are: 

a) The generation of a chemico-biological database containing the historical and 

newly generated results of the TTR Consortium, containing the chemical 

structures and biological activities of the TTR ligands. 

b) Explore the possibility of using repurposing techniques applied to the discovery 

of new TTR inhibitors among the existing drugs, with particular focus on anti-

inflammatory drugs, which are known to be good TTR ligands. 

c) Design of new flavonoid compounds as TTR ligands by means of structure-

based drug design. 

d) Incorporate the Ligand Efficiency Indices analysis (both retrospective and 

prospective) as a new tool for designing new compounds with increased 

efficiency as TTR ligands.  

e) The computational development of a combined predictive/experimental 

workflow for the analysis of the metabolic stability of TTR ligands, as a tool for 

improving the prioritized compounds in our in-house database to obtain new 

compounds with better metabolic and pharmacokinetic properties. 
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The drug discovery process 

The main focus of a drug discovery and development process is to help patients with a 

given disease to improve their quality of life, through the administration of the 

developed compounds that need to be approved by regulatory agencies. 

This process is designed in order to ensure that a medicine will be effective, safe and 

available for the patients in the shortest possible time. 

The first step in drug development is the discovery of the best targets for treating or 

preventing a given disease. Targets are usually proteins which are associated with the 

disease, or proteins in a microorganism causing the disease. The challenge in this step 

is the identification of the relevant protein or proteins, and the confirmation of their 

role in the key pathways of the disease. It is also important to take into account that, 

sometimes, a possible target can be involved in secondary pathways which contain 

other proteins that can be more determinant for the treatment of the disease. 

Several methods like high-throughput-screening (HTS) or computer-aided ligand or 

drug design are used to find new molecular entities or biologics that bind to the 

identified targets linked to the disease. The aim of this step in the drug discovery 

process is to alter in an expected manner the protein function, obtaining active 

molecules, also known as “hits”, that interact with the protein targets. These hits will 

eventually be optimized, considering effectiveness and safety, becoming drug 

candidates, able to go into advanced clinical phases, and finally reaching the market to 

treat the disease. 

Discovering and bringing a new drug entity to the market typically takes around 12 - 15 

years and costs around 1 billion dollars. The clinical and other challenges to reach the 

market are enormous and usually, only 1 compound per 10000 studied reaches the 

final step on this path1 (Figure 1). 
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Figure 1. The “market way” is hard, costly and slow
1
. 

It is widely accepted that this process is not efficient. This issue occurs mainly in clinical 

trials due to liabilities related to poor pharmacokinetics, poor efficacy and high toxicity 

and it means an enormous cost against a high failure rate2.  

Despite the enormous increase in Research and Development (R+D) spending, the 

number of new drugs launched to the market every year is still quite low (Figure 2) 

 

Figure 2. FDA approved drugs since the last 14 years compared with the investment done by the pharma 

industries
3
. 
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The repurposing approach 

Since many years, companies have increased significantly the investment in the drug 

discovery pipeline optimization, using more advanced techniques such as structure-

based drug design, combinatorial chemistry, high-throughput screening (HTS) and a 

huge range of “omics” technologies. However, the impact of these improvements has 

not been significant on increasing the efficiency of the drug discovery process. 

For this reason, in recent years, new approaches have been consolidated as possible 

alternatives to reach an efficient and safety treatment for a given disease more rapidly. 

One of these approaches is the drug repositioning or drug repurposing4.  

This approach is based on finding new medical indications for existing drugs that have 

reached the market (or drugs that have been discontinued in clinical trials for other 

reasons than safety concerns). For a launched drug, the safety profile and the whole 

pharmacokinetic properties are known; as a consequence of this, the clinical 

development for the new indication can be performed with less investment, 

potentially faster than the de novo development, and with a lower risk in terms of 

toxicity and safety. 

Some successful cases of repurposed drugs have been reported such as sildenafil as 

therapeutical agent against erectile dysfunction and pulmonary arterial hypertesion5 

or thalidomide for leprosy6 and multiple myeloma7. 

For these reasons, the repurposing approach seems to be quite reasonable and 

feasible, to explore the possibility to find a good drug candidate for a given disease, 

especially when an orphan or rare disease is the target of the drug discovery process. 

Because of the reduced potential market for these orphan or rare diseases, the 

repurposing approach may contribute significantly to finding efficient treatments for 

these diseases. 

Building up a repurposing tool 

Taking into account the potential advantage that can be obtained from a repurposing 

strategy (in terms of time and costs), an in silico approach has been established and 

performed to find new therapeutical applications of known drugs for TTR protein 

stabilization. 

First of all, a database containing drugs that have reached the market has been built. 

For this, 3248 launched drug were extracted from Integrity Prous database 

(http://integrity.thomson-pharma.com/integrity/) and compiled in a local database 

where the compounds chemical structures were refined (adding hydrogens, 

standardizing the structures, etc), using the software MOE, from Chemical Computing 

http://integrity.thomson-pharma.com/integrity/
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Group8, and other useful information such as commercial availability or reported 

amyloidogenesis inhibition activity was also included. (Figure 3) 

 

Figure 3. An overview of the database constructed from Integrity Prous. 

The whole database was analyzed and several filters for the selection of compounds 

were applied sequentially with the workflow shown on Figure 4: 

 

Figure 4. Designed workflow for the TTR-focused repurposing strategy. 

1) The dataset was reduced to 2000 molecules selecting compounds with 

molecular weight below 700 Daltons. 

2) Only anti-inflammatory drugs were selected, since it is known that many non-

steroidal anti-inflammatory drugs (also called NSAIDs) show high stabilization 

and binding activity against TTR9,10. 

3) Commercial availability was set as a mandatory condition for a given compound 

to be included in the training dataset. 

4) Only compounds with a certain substructure shape, common in the better TTR 

inhibitors known to date11, were selected (Figure 5).  

 

Figure 5. Well-known TTR stabilizer scaffold
11

. 
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After this first filtering phase, 98 launched drugs, commercially available and with a 

privileged substructure, were ready to be studied using fingerprint modeling. 

Fingerprint modeling: Similarity search studies 

Similarity searching using molecular fingerprints is a common virtual screening 

technique used in data mining of compound libraries12,13,14. It is a simple method quite 

efficient because it is computationally inexpensive, and it needs a reference structure 

(usually an active compound) and a similarity metric system able to determine how 

many descriptors are shared by the reference and the compound under study. This 

approach has been used for many years to find new drug-like compounds based on 

known active molecules, exploring a given region of the chemical space metrically via 

the Tanimoto coefficient S (i, j)15, which, for two compounds i and j , with fingerprints 

of length a and b, respectively, is given by the mathematical expression:  

S (i, j) = c/ [a + b - c] , 

where a is the number of bits in molecule i, b is the number of bits in molecule j, and c 

is the number of bits in common between a and b (Figure 6). 

Figure 6. Molecular fingerprints example; each bit indicates the presence/absence (1/0) of a structural motif. The 

fingerprint may be a bit string (indicating the on/off state of all the bits) or a bit position vector (indicating the 

positions of the bits which are turned on). 

The similarity between the reference compound used and each compound is 

computed and the whole library is sorted based on decreasing similarity rank. This 

similarity relies on the similarity property principle16 which determines that similar 

molecules exhibit similar biological behavior. 

This fingerprint modeling technique has some advantages: 

1) It is computationally inexpensive. 

2) It allows the user to mine datasets composed of thousands of molecules quite 

fast. 

3) The experimental crystal structure of the system under study is not required. 
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Traditionally, similarity searching was performed using a single active compound as 

reference, but it has been demonstrated that merging multiple similarity scores 

through the setting of more reference compounds improves the results and 

performance of this methodology. 

For this reason, for the TTR-focused repurposing approach, using fingerprint modeling, 

3 references were used: Mefenamic acid17, Tafamidis18 and Iododiflunisal19 (Figure 7). 

All of them have been reported as high potent TTR stabilizers and amyloidogenic 

inhibitors. In fact, in 2011 and 2012, Tafamidis has been recently accepted to be 

marketed in Europe and pre-registered in USA, under the orphan drug designation for 

the Familial Amyloid Polyneuropathy (FAP) treatment. This will be the first-in-class 

disease-modifying compound that has been designed to inhibit the formation of 

amyloid deposits by preventing the TTR protein misfolding and deposition. 

 

Figure 7. Known TTR inhibitors set as references in the fingerprint modeling similarity search performed. 

Apart from using 3 different reference molecules to expand the chemical space 

exploration in the dataset selected, 3 different types of fingerprints were used in the 

similarity searches, all of them available at the Molecular Operating Environment 

(MOE)8: 

1) MACCS keys: each bit of this kind of keys (or each feature) indicates the 

presence or absence of one of the 166 public MDL structural keys (a set of pre-

selected functional groups) 

2) Typed Atom Fingerprint (TAF): each atom of the molecule is assigned to an 

atom type from the set (donor, acceptor, polar, anion, cation and hydrophobe). 

Under this category, two TAF were chosen: TAD (2-point pharmacophore based 

fingerprint where all pairs are encoded as features, using the inter-atomic 

distance of each pair) and TAT (3 point pharmacophore based fingerprint where 

all atom type triplets are coded as features using the three inter-atomic 

distances). 
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3) GpiDAPH3 (Pharmacophore-based fingerprints): this fingerprint is 3-point 

pharmacophore based. All triplets of atoms are coded as features using the 

three graph distances and associated atoms types of each triangle. 

Using this combination of fingerprint types, the dataset of 98 launched drugs was 

compared with the three selected reference compounds setting the Tanimoto 

coefficient of similarity to 75% (Figure 8). 

 

Figure 8. Results from the similarity search performed show that some compounds are structurally similar to the 
reference compounds. 

21 compounds were prioritized based on their similarity against the 3 reference 

molecules. From this dataset prioritized, 9 drugs (Table 1) were acquired and tested in 

in vitro assays in order to confirm the predictions as possible new amyloid inhibitors 

for TTR. 

Compound 
number 

Structure Name 
Therapeutic  

Group 
Reference 
matching 

1 

 

Ketorolac 
Non-Opioid 
Analgesic 

Tafamidis 

2 

 

Lumiracoxib 
Non-Opioid 
Analgesic 

Mefenamic 
acid 

3 

 

Felbinac 
Antiarthritic 

Drug 
Iododiflunisal 
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Compound 
number 

Structure Name 
Therapeutic  

Group 
Reference 
matching 

4 

 

Tolmetin 
Treatment of 
Osteoarthritis 

Mefenamic 
acid 

5 

 

Carprofen 
Antiarthritic 

Drug 
Mefenamic 

acid 

6 

 

Ketoprofen 
Antiarthritic 

Drug 
Mefenamic 

acid 

7 

 

Dexketoprof
en 

Non-Opioid 
Analgesic 

Mefenamic 
acid 

8 

 

Tolfenamic 
acid 

Antiarthritic 
Drug 

Mefenamic 
acid 

9 

 

Aceclofenac Analgesic Drug 
Mefenamic 

acid 

Table 1. Compounds acquired to validate the similarity results obtained. 

In vitro assays: kinetic turbidimetric assay 

In order to evaluate the amyloid inhibition activity of the selected candidates against 

TTR, an in vitro kinetic turbidimetric assay was perfomed20.  

In this kind of experiment, two different activity values are obtained: the fibrillogenesis 

inhibition capability is determined using IC50 (concentration of inhibitor in which the 

initial rate of fibril formation is reduced to 50%) and RA (% reduction of fibril 

formation). The experimental protocol is summarized on Figure 9. 
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Figure 9. Schematic representation of the workflow used for the in vitro testing of the selected compounds
20

. 

Figure 10. In vitro results for the 9 tested compounds against TTR Y78F mutant. Green bars refer to the 
Iododiflunisal and Tafamidis activities that have been used as references. Tested compounds are labeled as in 

Table 1. 

From the results (Figure 10), it is possible to identify 3 compounds (2: Lumiracoxib, 8: 

Tolfenamic acid and 9: Aceclofenac) that are able to inhibit the TTR amyloid formation 

and show a good activity profile in terms of IC50 and RA, compared to Iododiflunisal 

and Tafamidis (both well-known potent TTR stabilizers18,19). These results validate the 

computational protocol established and demonstrate that anti-inflammatory drugs are 

a good starting point for a repurposing approach centered on the TTR protein. 

For years, development of therapeutical agents for orphan diseases has been largely 

overlooked by pharmaceutical industries due to small market thereof. Repurposing 

techniques, combined with in silico approaches, such as fingerprint modeling applied 

to similarity searching, are currently emerging to identify secondary or “off-target” 

drug actions for new relevant indications. 
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The results reported in this chapter (paper under preparation) have enabled us to 

identify a set of promiscuous drugs able to bind and stabilize the TTR tetramer in vitro, 

thereby becoming candidates that could be advanced to further preclinical and clinical 

studies related to TTR-mediated amyloidoses. 
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Pharmacophore modeling 

A pharmacophore is the ensemble of steric and electronic features that is necessary to 

ensure the optimal intermolecular interactions with a specific biological target 

structure, and to block (or trigger) its biological response. A pharmacophore can be 

also defined as the largest common denominator shared by a set of active molecules 

that defines the interaction with a set of complementary sites in the target due to its 

intrinsic molecular recognition mechanism. 

The pharmacophore modeling has evolved successfully as a drug design methodology 

in the last decades1. The introduction of the tridimensionality in the nature of these 

interactions with the target and the spatial relationships between the pharmacophoric 

features has been a key factor for the impact of contemporary pharmacophore 

research in the drug discovery process. 

A pharmacophore model can be developed following two main strategies: 

1. Structure-based:  extracting the relevant chemical features of a ligand or set of 

ligands from a known X-ray of NMR structure for a given ligand-receptor 

complex. 

2. Ligand-based: extracting a maximum common set of relevant features from a 

set of active compounds against a given receptor. 

Taking into account the large amount of information available for the TTR protein 

concerning both crystallographic structures of ligand-TTR complexes, and information 

about active molecules able to stabilize the TTR tetramer, avoiding amyloid formation, 

a TTR-based pharmacophore model was developed in this thesis. 

Flavones as TTR stabilizers 

It is well-known that several plant derived flavones and xanthones2,3,4 have shown a 

high affinity towards TTR, and a good profile  of amyloid formation inhibition in vitro. 

This class of flavone compounds, like other small organic molecules, binds 

preferentially in the hormone-binding site of the TTR protein. 

T4 displacement studies carried out by Kohrle et al5 revealed that a synthetic plant 

flavonoid EMD21388 (3-methyl-4’,6-dihydroxy-3’,5’-dibromoflavone) (Figure 1) was a 

strong thyroxine (T4) binding competitor, and it was an antagonist able to alter the 

amount of total hormone circulating, and the percentage of free thyroid hormones 

and of serum thyrotropin concentrations. 
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Figure 1. EMD21388 (3-methyl-4’,6-dihydroxy-3’,5’-dibromoflavone) structure. 

The structure of a rat TTR protein, co-crystallized with the flavone EMD21388, was 

reported by Cody et al in 20026 (Figure 2).  

 

Figure 1. The crystallopraphic structure of the complex ratTTR and flavones EMD21388, reported in the Protein 

Data Bank (PDB ID: 1KGJ) 

This structure has been used in this thesis as a starting point to develop a local 

pharmacophore to find interesting flavonoid compounds as possible TTR tetramer 

stabilizers. 
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Rat vs. human TTR 

Previous to the study itself, a comparison between the rat and the human TTR proteins 

was carried out in order to establish whether the rat TTR crystal structure could be 

used as the basis for the pharmacophore modeling study. 

With this objective, the TTR binding pocket (Figure 3) was analyzed in order to 

determine which are the main parts and the residues involved in the interactions with 

the molecules reported as stabilizers. 

 

Figure 2. 2D representation of the main residues responsible of the protein-ligand interactions in most of the 

reported TTR crystal structures. 

The second step was to determine if these key residues in the TTR binding pocket were 

conserved in the rat and in the human TTR protein sequences, and to analyze if both 

rat and human structures have any significant structural differences, in order to 

perform the proposed pharmacophore modeling study from an optimal starting point. 

 

Figure 3. Rat and Human TTR sequence aligned. Residues present in the human binding site are highlighted along 

the rat sequence. 
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As can be seen from Figure 3 all the human wtTTR residues from the binding site are 

conserved in the rat TTR protein. For this reason, the rat TTR was considered as a good 

template for the structure-based pharmacophore modelling. 

The proposed methodology and the preliminary results obtained in this 

pharmacophore modeling analysis of the TTR-ligands interactions were reported in an 

article published in the Amyloid Journal in 2011 which is shown below7. 
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Biological activity of a set of selected flavonoids 

Among the 36 flavonoids described in the paper as promising TTR inhibitors, 4 

compounds (Table 1) were selected due to their commercial availability. Their activity 

was evaluated by means of in vitro kinetic turbidimetric assay8 explained in chapter 1 . 

The results are graphically depicted in Figure 4.    

Compound 

name 
Structure Name Pharm. Score* 

1 

 

Chrysin 46,5 

2 

 

Baicalein 46,4 

3 

 

Kaempferol 47,5 

4 

 

Axp224 48,1 

Table 1. List of compounds tested against TTR protein. (*) Pharmacophoric Score is a mesure of the alignment 

between molecules and pharmacophore extracted from the rat TTR crystal structure, using LigandScout 3.0 

software
9
. 
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Figure 4. In vitro results for the 4 tested compounds against TTR Y78F mutant. Green bars refers to the 

Iododiflunisal activity that has been used as reference. 

Interestingly, the AxP224 compound shows the best pharmacophore score due to the 

good alignment pattern obtained for this compound after comparison with the 

interaction map obtained from the TTR:EMD2138 crystal structure, and it can be also 

deduced from the analysis of the fitting of AxP224 against the interaction map used in 

the study (Figure 5),  

 

Figure 5. AxP224 fitting with the extracted pharmacophore used in this study. The molecule shows a good 

alignment with 4 of the 5 features. 
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Therefore, the good biological activity of AxP224 can be seen as a proof of this 

repurposing methodology, since using this workflow, it has been possible to find an 

active molecule with a stabilizing behavior similar to one of the most potent TTR 

amyloid inhibitors known (Iododiflunisal). 

The methodology developed in this thesis chapter, structure-based drug design 

focused on pharmacophoric research, would also be interesting to be applied to an 

expanded set of drugs launched into the market, in a repurposing drug finding study 

for TTR inhibitors. 
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Ligand Efficiency Indices (LEI) for TTR Drug Discovery 

The concept of Ligand Efficiency (LE)1 used as a tool to guide the fragment and lead 

optimization in the drug discovery process has recently emerged. The use of a LE 

relating the affinity (Ki, IC50 or similar) to the molecular size (molecular weight, number 

of non-hydrogen atoms, number of heavy atoms and others) is now well accepted. The 

combination of two Ligand Efficiency Indices (LEI) such as binding efficiency index (BEI; 

relating the potency to the molecular weight of the Ligand) and surface efficiency 

index (SEI; relating the potency to the polar surface area), in comparing retrospectively 

chemical series in an optimization plane BEI-SEI, has been published recently2,3. 

In order to find new effective ways to guide the TTR-focused drug discovery strategy to 

optimize amyloid inhibitors, the LEIs based approach has been applied to map 

different chemical series in the TTR chemical-biology space (CBS). 

The use of this LEI methodology has been illustrated by a 2D graphical representation 

(nBEI-NSEI plane), to establish a prospective way to guide a lead optimization process 

based on theoretical potency calculation (using docking protocols) of possible new TTR 

amyloid inhibitors, combined with the LEIs approach. 

For this study, Iododiflunisal4 was chosen as the molecular template for this in silico 

design of new and more efficient compounds able to stabilize TTR tetramer. We have 

published two scientific papers included in this thesis chapter: one presenting a review 

of the LEI methodology and applications5, and the other3 about the LEI methodology 

applied to the discovery of new TTR inhibitors. We are also including a third published 

scientific article6 in this thesis chapter, to describe the computational methodology 

followed to use the LEI approach in a prospective manner, so as to design new more 

efficient compounds on the basis of a combined LEI / molecular docking approach.  
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TTR binding pocket properties & Docking studies 

With the aim to perform a prospective drug design study based on the LEIs 

methodology described above, a computational analysis of the TTR binding pocket was 

carried out, in order to find hints about the most favorable binding mode for TTR 

ligands, as well as which pocket regions in the TTR binding site are the key points for 

the interaction, and, if possible, to establish structure-activity relationships of 

structurally related series of TTR ligands. 

In the following published scientific paper6, 13 TTR crystal structures were analyzed in 

order to get useful information about: a) the flexibility of the TTR binding pocket; b) 

the binding mode preference (forward or reverse binding) for TTR ligands in different 

conditions and/or for structurally-related compounds families; and c) the relationship 

between the binding mode and the amyloidogenesis inhibition activity. 

As a result of this study an important conclusion was obtained: the most active 

compounds in TTR amyloidogenesis inhibition activity, as measured in the inhibition of 

fibrils formation assay7, are characterized by the presence of at least one halogen 

atom in one of the six (three symmetry-related pairs) small hydrophobic depressions 

known as halogen binding pockets (HBP) present in the TTR binding site8. 
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As a follow-up of the scientific paper published above, in order to check the feasibility 

of generating a LEI prospective map based on TTR ligands docking results, a 

computational study was performed in order to establish a methodology and 

determine its capability to reproduce crystal structure poses through TTR ligand 

docking. 

5 crystallographic structures of complexes of ligands with wild-type (wt)-TTR were 

selected from the Protein Data Bank (PDB, www.rcsb.org) for this study (Table 1). They 

were selected taking into account two factors: high resolution of the crystal structure 

(below 1,9 Å), and pH between 5.0 and 7,0 (to cover a wide range of pH values 

because it is known that the ligand TTR binding mode (forward/reverse) is highly 

dependent on the pH value). 

PDB ID LIGAND pH Resolution (Å) 

3CFN9 

 

7,5 1,87 

2F8I10 

 

7,0 1,54 

2QGC11 

 

5,5 1,30 

3ESO12 

 

5,5 1,31 

3B5613 

 

5,0 1,55 

Table 1. Crystal structures selected for the docking analysis. 

Cross-docking experiments were carried out using these 5 TTR protein structural 

templates against 48 TTR ligands for which TTR-ligand complexes are available at the 

http://www.rcsb.org/
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PDB (www.rcsb.org). The aim of the study was to evaluate if the software package 

used (MOE 2009.10)14 was able to reproduce the crystal poses for all the ligands 

selected. 

The docking was performed using as ligand placement method the alpha triangle (AT) 

methodology (in the software MOE), in which the poses are generated by 

superposition of ligand atom triplets and triplets of alpha sphere centers in the 

receptor site. At each iteration, a random conformation is selected, and a random 

triplet of ligand atoms and a random triplet of alpha sphere centers are used to 

determine the pose. Several scoring functions in the MOE software were tested, and 

Alpha HB (AHB) gave the best results; in the Alpha HB scoring function, binding free 

energy is estimated by the sum of the geometric fit and a hydrogen bond term.  

An overview of the cross-docking experiments is displayed on Figure 1. 

The bar plots obtained represent the RMSD obtained from the comparison between 

the crystallographic and calculated poses for each of the 48 compounds analyzed. 

In terms of pH, the results show that the computational system for docking does not 

show any dependency with this parameter, since it is able to reproduce properly poses 

in a wide range of pH, with any of the template models available in the cross-docking 

experiments. 

Flexible ligands, with long aliphatic chains, are the only compounds not correctly 

simulated in the cross-docking experiments, giving high RMSD values with respect to 

the corresponding crystallographic poses. In the docking protocol performed, the 

flexibility of the binding site residues was not considered, and this may be the reason 

why 6 out of the 48 ligands studied (the 6 larger and more flexible compounds) 

presented RMSD above 2 Å. 

Therefore, the following conclusions were obtained from this cross-docking analysis: 

1. The system is pH-independent. 

2. The docking system is scaffold dependent; large ligands (bivalent, aliphatic 

chains or peptidic) are difficult to reproduce correctly. 

3. 91% of the crystallographic poses are correctly reproduced using the MOE 

software package. 

In summary, looking at these results, it is possible to perform reliable TTR ligand 

docking studies that give us good predictions useful for the planned LEI prospective 

strategy, which is described in the following published scientific paper3, and in the 

subsequent text on this thesis chapter. 
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Figure 1. Bar plots show the RMSD (root mean square deviation) between the crystallographic and the calculated 

pose. Only six ligands are not correctly estimated. AT: alpha triangle; AHB: alpha HB, methodologies in MOE 

software. 
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Experimental validation of the LEI-docking computational analysis of TTR ligands 

In order to validate the proposed strategy for prospective TTR drug design of more 

efficient inhibitors, combining the LEI retrospective analysis of efficiency of TTR 

ligands, with the TTR ligand docking studies, 10 Iododiflunisal analogs (Table 2), 

theoretically more efficient than the parent compound, were synthesized and their 

amyloid inhibition activity against TTR of these compounds was evaluated in the in 

vitro kinetic turbidimetric assay7. 

Compound 
number 

Structure IC50 (µM) RA (%) 

IDIF 

 

4,2 91 

1 

 

7,2 87 

2 

 

5,3 89 

3 

 

5,2 92 

4 

 

5,1 92 



PART III: LIGAND EFFICIENCY INDICES 

97 

 

Compound 
number 

Structure IC50 (µM) RA (%) 

5 

 

4,3 89 

6 

 

3,9 88 

7 

 

4,6 91 

8 

 

3,6 89 

9 

 

6,0 89 

10 

 

3,7 90 

Table 2. 10 Iododiflunisal analogs designed and selected as theoretically more efficient than Iododiflunisal in terms 

of ligand efficiency parameters, and their experimental amyloid inhibition activities. 

The results are summarized in the Figure 2. 
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Figure 2.  Histograms of IC50 values for the amyloid inhibition experimental activities for the 10 compounds 

selected. In green, Iododiflunisal reference is highlighted in both graphics. 

In terms of IC50, 4 compounds (5, 6, 8 and 10) show an equal or higher fibrillogenesis 

inhibition activity compared with the reference (Iododiflunisal). 

With these experimental amyloid inhibition activities results, it was possible to 

generate the following retrospective LEI map, using the experimental values to confirm 

the predictions previously reported3. 

Figure 3 shows the final result of the experimental nBEI vs SEI map after the in vitro 

amyloid inhibition activity assays. In Table 3, the results are listed in detail. 
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Figure 3. nBEI vs NSEI plot based on the experimental data (IC50 values) obtained from the kinetic turbidimetry 

assay. Green spot corresponds to the reference compound (Iodiflunisal); blue spots are the compounds with a 

similar or higher efficiency compared with Iododiflunisal (in agreement with the predictions performed); orange 

spots highlight compounds that are less efficient than Iododiflunisal (where the prediction fails). 
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Compound 
number 

Structure 
IC50 

(µM) 
nBEI NSEI Prediction 

IDIF 

 

4,2 14,2 9,3 Reference 

1 

 

7,2 12,1 8,9 Mismatch 

2 

 

5,3 13,6 7,9 Match 

3 

 

5,2 13,6 7,9 Match 

4 

 

5,1 13,1 7,9 Match 

5 

 

4,3 15,1 8,0 Match 

6 

 

3,9 13,9 9,4 

 

Match 
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Compound 

Number 
Structure 

IC50 

(µM) 
nBEI NSEI Prediction 

7 

 

4,6 13,0 9,2 Mismatch 

8 

 

3,6 14,9 9,4 Match 

9 

 

6,0 10,5 6,9 Mismatch 

10 

 

3,7 10,9 7,2 Match 

Table 3. nBEI and NSEI values for Iododiflunisal (reference compound) and the 10 analogs designed. The field 

“Prediction” is refered to the match or mismatch between the efficiency predicted and the experimental results 

(match: the experimental value corresponds with the expected efficiency; mismatch: the efficiency of the 

compound was not correctly predicted). 

From the 10 compound analogs designed by using this prospective LEI approach, only 3 

were not correctly predicted; the rest of them had a good agreement with the 

predicted estimations of efficiency. In addition, the most promising compounds in the 

prospective LEI’s map have also been the most efficient in the retrospective LEI’s map. 

Looking in detail to the nBEI-SEI optimization plane, it can be highlighted that 

compounds 5 and 8 in table 3 could be the most interesting of the series because both 

of them are optimizing the 3 crucial LEI variables at the same time, compared with the 

reference: potency, size and polarity. 

All the information and results presented in this thesis chapter have helped us to 

answer the initial question: “is it possible to use the LEI methodology to guide the drug 

discovery process in a prospective manner?”. The study we have presented here shows 

that the LEI analysis of the efficiency of a series of TTR ligands, combined with the 

docking analysis of these ligands in the TTR binding site, can be applied in such 

prospective approach to lead the drug design phase of TTR ligands optimization. We 
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have also demonstrated that the LEI methodology (retrospective and prospective) may 

be combined and integrated efficiently with other computational workflows such us 

pharmacophore modelling or docking. 

As a conclusion for this thesis chapter, it is possible to propose new more efficient TTR 

ligands in the drug discovery and development path, by Chemico-Biological Space 

(CBS) exploration, browsing the nBEI-NSEI optimization plane of the LEI methodology. 

Focusing on the TTR protein, it has been possible to optimize (in terms of size and 

polarity) a well-known active compound, to get more efficient TTR ligand analogs, 

through the analysis of the TTR CBS, and we have selected the most efficient ligand  of 

our TTR nBEI-NSEI plane, as a possible candidate for the next steps of TTR ligand drug 

discovery optimization. 
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Introduction 

Early identification of metabolic biotransformations and pathways can be a crucial 

point in a drug discovery strategy. These biotransformations are the key elements that 

define bioavailability, activity/efficiency, toxicity, distribution and elimination of a 

given compound1. 

Cytochromes P450 (CYPs) constitute the most important family of biotransformation 

enzymes involved in drug metabolism2. This system is also responsible for many of the 

drug-drug interactions and metabolism-dependent toxicity effects reported in clinical 

phases. CYPs catalyze a variety of reactions, converting any xenobiotic to potentially 

reactive products as well as less toxic compounds. Most of these reactions are 

oxidations, but CYPs can also be involved in reductions, desaturations, ester cleavages, 

ring expansions and formations, dehydrations, coupling reactions, rearrangements and 

other reactions3. The purpose of most of these pathways is the bioactivation and 

detoxification of a xenobiotic chemical that enters the body. 

All CYP structures reported contain a three-dimensional folding pattern quite similar 

and conserved, consisting, mainly, of a core region (where several alpha-helices are 

located), and a heme coordination region4. Other regions are more variable, 

depending on the CYP isoform (e.g., active site region, spanning helices region or β-

strands). These variable regions are related to substrate access and molecular 

recognition processes. Some of the most relevant CYP structures reported for CYP2C9 

and CYP3A4 are given on Figure 1, which shows CYP2C9 without ligand (PDB ID: 1OG2), 

with Flurbiprofen bound (PDB ID: 1R9O) and CYP3A4 without ligand (PDB ID: 1W0E). 

These CYP structures are extracted from the Protein Data Bank (www.rcsb.org).  

 

Figure 1. Most relevant CYP structures reported for CYP2C9 (A) (without ligand), CYP2C9 bound to Flurbiprofen (B) 

and CYP3A4 (C) (without ligand). Extracted from the Protein Data Bank (www.rcsb.org) 

Any evidence about the metabolic profile of a drug candidate can be considered as 

crucial information for a drug discovery strategy. However, an experimental study on 

metabolic resistance and elucidation of the sites of metabolism (SOM), defined as the 

http://www.rcsb.org/
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places in a molecule where the metabolic reactions take place, is a resource-

demanding and time-consuming task5. It involves several experimental techniques and 

consumes significant amounts of each compound tested. However, any drug discovery 

process, in its preclinical and clinical phases, needs to characterize the SOMs to 

advance in the design of new compounds with an optimized pharmacokinetic profile. 

When a labile compound for a specific CYP isoform is found or when a toxic metabolite 

is detected, chemists are then able to: a) perform a synthetic strategy to add stabilizing 

groups at positions in the chemical structure where metabolic transformations may 

occur; or b) to shield some parts of the molecule using steric groups to prevent the 

interaction with a certain CYP enzyme; or c) to avoid any toxic effect by chemically 

protecting metabolically liable positions with suitable groups. For these reasons, an 

early identification of the SOM for a given molecule is crucial to enhance the speed 

and quality of the progress of a new drug entity to the market. 

The increasing number of X-ray crystal structures of CYPs and the improvements in 

hardware and software, in terms of speed calculation through faster computational 

processors and architectures, as well as new algorithms, have led to more powerful 

and predictive techniques, such as quantum methods or docking protocols, for in silico 

SOM computations, during the last years. However, due to the flexibility of the CYP 

structures, the results obtained have not been quite accurate6,7,8. Some other methods 

based on ab initio calculations are slow and they don’t take into account the substrate-

enzyme recognition and orientation processes9. In addition, attempts to develop rules-

based methods have shown low quality predictions10. They show a high dependence 

on the training set and, generally, they over-predict the metabolic transformations, 

leading to thousands of possible metabolites and failing on the detection of crucial 

pathways. 

Under the claim “The chemists need a new approach”, Prof. Gabriele Cruciani and 

collaborators at the University of Perugia, Italy, have worked intensely5 on the 

development of new computational tools that may be able to answer the following 

three “most wanted” questions:  a) which CYP isoform is involved in a given metabolic 

degradation?; b) which are the most probable sites of metabolism (SOM) in our 

molecules of interest?; and, c) are we able to rationally modify the compound to 

prevent this metabolic degradation? The computational tool developed from this 

research is MetaSite5 and nowadays it is a well established methodology in the 

medicinal chemistry field. Using a molecular interaction field similarity method to 

compare the CYP enzymes and the substrates, as well as covering all the possible 

reactivity sites inside the CYP enzymes through a fast procedure, MetaSite is able to 

give metabolic pathway predictions for any molecule through the analysis of its 

interactions with the main CYP enzymes. 
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The Metasite software is presented in a user-friendly interface simple to use, whereas 

the system utilizes complex algorithms, already reported on the bibliography5. The 

methodology involves the calculation of two sets of molecular descriptors: one for CYP 

and one for the potential substrate (Chemical FingerPrint). The set of descriptors used 

for the CYP characterization is based on GRID-MIFs (GRID flexible molecular interaction 

field descriptors)11. GRID probes based on pharmacophore recognition (atoms 

categorization by hydrophobicity, hydrogen-bond donor, hydrogen-bond acceptor and 

charge capabilities) are computed in the case of substrate. Finally, both sets of 

descriptors are used to compare the fingerprints of the enzyme and substrate, 

providing to the user an estimation of the accessibility of each substrate toward the 

reactive heme group of the CYP isoform considered. Substrate reactivity is also 

computed and taken into account. SOMs are the result of the accessibility and 

reactivity calculations.  

All these internal calculations require only a few seconds per molecule and they are 

automatically performed when a molecule or a set of molecules are provided by the 

user in any of the file formats available.  

As it has been mentioned before in this thesis, more than 800 compounds have been 

tested against TTR amyloidosis inhibition activity assays in our TTR Consortium during 

the last 10 years, finding promising candidates and new interesting chemical scaffolds 

as TTR inhibition ligands. Among them, we have selected a small dataset (Table 1) of 

interesting "hits" (26 compounds with good IC50 values in the inhibition activity assays 

from different chemical families) and we have performed in silico pharmacokinetic 

studies in collaboration with the modeling group of the University of Perugia, led by 

Prof. Gabriele Cruciani. The final goal of study is the analysis of the physicochemical, 

pharmacokinetic and metabolic stability properties of this group of TTR-inhibitors, in 

terms of absorption, interaction with different CYP450 proteins, possible sites of 

metabolism, and other pharmacokinetic and physicochemical parameters that could 

drive our TTR drug discovery workflow to the design of new molecules based on ADME 

predictions. 

In silico predictions: MetaSite and CYP’s Consortium Model Software 

Table 1 shows the dataset of studied compounds selected from our in-house database 

of TTR inhibitors, that have been studied in terms of metabolic resistance using 

predictive tools and experimental assays developed at Prof. Cruciani’s group at the 

Università degli Studi di Perugia These 26 compounds have all either reached the 

market or clinical phases of development (compounds 1 to 13), or they represent 

compounds derived from the work of the TTR Consortium group (compounds 14 to 26) 

that had shown high activity in the in vitro fibril formation inhibition assay. 
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Compound 

Number 
Structure Name* 

Compound 

status 

1 

 

Tafamidis Drug 

2 

 

Diflunisal Drug 

3 

 

Vedaprofen Drug 

4 

 

Lumiracoxib Drug 

5 

 

Tolfenamic Drug 

6 

 

Aceclofenac Drug 

7 

 

Mefenamic Drug 
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Compound 

Number 
Structure Name* 

Compound 

status 

8 

 

Meclofenamic Drug 

9 

 

Diclofenac Drug 

10 

 

Flufenamic Drug 

11 

 

Chrysin Clinical 

12 

 

TIP Clinical 

13 

 

Benzothiazol Preclinical 

14 

 

261 In vitro hit 
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Compound 

Number 
Structure Name* 

Compound 

status 

15 

 

14 In vitro hit 

16 

 

66 In vitro hit 

17 

 

480 In vitro hit 

18 

 

AxP224 In vitro hit 

19 

 

44 In vitro hit 
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Compound 

Number 
Structure Name* 

Compound 

status 

20 

 

30 In vitro hit 

21 

 

45 In vitro hit 

22 

 

146 In vitro hit 

23 

 

KB13 In vitro hit 
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Compound 

Number 
Structure Name* 

Compound 

status 

24 

 

EGCG In vitro hit 

25 

 

477 In vitro hit 

26 

 

IDIF In vitro hit 

Table 1. Set of TTR amyloidogenic inhibitors considered in this study. 

(*) For some compounds, the name is the internal numerical code used in our TTR Consortium. 

The computational and experimental study presented in this chapter has the aim to 

answer two questions: a) which regions of our TTR stabilizers molecular skeleton 

would be targeted and degraded through metabolism?; and b) which CYP isoform will 

be mainly responsible for these CYP-derived metabolic modifications? The answers to 

these questions will be the key for the design of new compounds resistant to CYP 

metabolism and, in addition, it will add value to our drug discovery program on TTR 

amyloidogenic inhibitors, through the understanding of their metabolic pathways 

related to the CYPs considered. 

The methodology used for this study involves the software package MetaSite 3.0 (site 

of metabolism (SOM) prediction; http://www.moldiscovery.com), developed by Prof. 

Gabriele Cruciani and collaborators5. As mentioned before, this software is simple to 

use and it presents a user-friendly interface, but the algorithms used are very complex. 

All the internal processes are fully automated and the system has pre-computed all the 

information from the molecular interaction fields calculated for the enzymes. 

Therefore, only a few seconds are needed to perform the complete calculations when 

the user introduces the compounds to be analyzed.  
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In Metasite, two sets of molecular descriptors are computed for the CYP enzymes 

(already calculated and stored on the system) and for the substrates. For the enzymes, 

GRID forcefield12 is used in order to create the molecular interaction fields needed 

inside the CYP active site. The GRID uses an object (called “Probe”) to measure the 

electrostatic potential at each point in a given space (box) where the macromolecule 

(in this case the human CYP) is positioned. It is possible to use different probes that 

represent chemical groups in order to characterize different macromolecular 

properties. In addition, by setting the GRID on flexible mode, it is possible to obtain the 

molecular interaction fields (MIF) needed to construct the set of molecular descriptors 

of the CYP. This flexible mode allows some side chains of the enzyme to move based 

on attraction and repulsion effects due to the probe used. After this, all the 3D 

information compiled is referenced to the catalytic center of the enzyme in order to 

obtain the CYP fingerprints through the GRIND technology11. At the end of this process, 

each MIF descriptor computed from the probe interaction map is transformed in 

correlograms representing the distance between the reactive center of the CYP and all 

the chemical regions mapped inside the active site. 

In the case of the molecules (or substrates) introduced on the system, they are 

modelled taking in consideration a population of different sets of low-energy minimum 

conformations. These conformations are selected by the interaction fields and the 

shapes of the CYPs active sites. To compute the molecular descriptors that will 

characterize the substrates, molecular orbital calculations are initially performed in 

order to obtain a 3D pharmacophore for the molecule. Next step is the classification of 

the atoms in the molecules through GRID probes, based on their hydrophobic, 

hydrogen-bond donor, or hydrogen-bond acceptor capabilities. Finally, all this 

information is clustered and converted to molecular descriptors that are used in the 

substrate-CYP comparison phase, where the system is able to define the SOM 

predicted for the considered compounds. 

This comparison is driven by the complementarity between the properties computed 

for the CYPs and the substrates. For the SOM prediction, the hypothesis applied is the 

following: the correlation between the reactive center of the enzyme, the position of 

the atoms in the substrate and the distance between them, will define if a certain 

position in the chemical structure of the substrate will be a good SOM candidate.  

Accessibility and reactivity are also considered during the internal calculations. 

Accessibility is represented by the recognition between the CYP and substrate when it 

exposes its atoms to the heme group, using a score function (proportional to this 

ligand exposure). The reactivity is taken into account thanks to the huge amount of 

information available of CYP biotransformations13. CYP catalyzes oxidative and 
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reductive reactions (oxidative pathways are more frequent). This component is 

quantified by the system using fast ab initio methods. 

In summary, through these internal (and automated) processes, the user only needs to 

introduce the structure of the molecules using a SMILES, 2D SDF or 3D mol2 file and a 

histogram is then obtained (Figure 2) where a ranking based on scoring (each score 

represents the probability for the sites of metabolism) shows the SOM predicted for 

the compounds considered. 

The focus of this study was the CYP isoforms 2C9, 2D6 and 3A4. Crystal structures 

corresponding to human isoforms 2C914 and 3A415 used by the software were 

extracted from the Protein Data Bank (www.rcsb.org) and the 2D6 structure was 

provided by DeRienzo et al16.  

 

Figure 2. Example of MetaSite 3.0 output: A) score histogram representing the probability for the sites of 

metabolism in each substrate atom; B) SOM predicted for compound Diflunisal into the CYP3A4. Most important 

SOM’s are highlighted in blue. 

The 26 selected TTR stabilizing compounds were introduced on the Metasite 3.0 

software system and, after running the calculations described, the predicted SOMs and 

the most likely metabolites for each compound, were obtained. As mentioned before, 

many of these TTR amyloidogenic inhibitors are drugs already in the market. All these 

drugs were used to perform a validation set of the prediction, comparing the results 

obtained from MetaSite with the information extracted from the bibliography about 

metabolites reported for each one. The results of this simple validation process 

demonstrate that MetaSite was able to predict, for every drug, the corresponding 

reported metabolite (Table 2) 

 

 

http://www.rcsb.org/
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Metabolite Structure Parent compound MetaSite Score Reported in 

 

Diflunisal 5,00 (17) 

 

Vedaprofen 7,25 (18) 

 

Lumiracoxib 9,61 (19) 

 

Tolfenamic 10,17 (20) 

 

Diclofenac 9,33 (20) 

 

Aceclofenac 8,33 (21) 

 

Mefenamic 10,44 (22) 
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Metabolite Structure Parent compound MetaSite Score Reported in 

 

Meclofenamic 12,00 (23) 

 

Flufenamic 7,00 (24) 

Table 2. Table of metabolites predicted (using Metasite 3.0) for drugs included in the dataset under analysis, 

reported on the bibliography. In all the cases, the metabolite that shows the biggest score in Metasite fit in with the 

most prevalent metabolite experimentally found and reported. 

Another method used to define the metabolic pathways of the TTR stabilizing 

compounds selected, was an internally developed software by Cruciani et al., called 

CYP Model Consortium. This system uses a technology quite related to MetaSite’s in 

order to compute and predict CYP selectivity for a given substrate. The software has 

not yet been released and most of the details about the algorithm running inside have 

not been published. The procedure may be summarized as follows: molecular 

interaction fields obtained from the different CYPs are used to rank the substrate 

selectivity for human P450 enzymes based on global pharmacophoric similarity 

patterns. This system allows to create selectivity tables (Table 3), by means of 

comparing the activity of a given molecule in front of different CYPs. 

Mol-ID Mol-name Class-MetStab-HLM Class-MetStab-2C9 Class-MetStab-2D6 Class-MetStab-3A4 Class-IsofSel-overall

1 Tafamidis HLM_STABLE 2C9_MEDIUM_STABLE 2D6_STABLE 3A4_STABLE STABLE_3CYPS

2 477 HLM_MEDIUM_STABLE 2C9_STABLE 2D6_STABLE 3A4_STABLE STABLE_3CYPS

3 Iododiflunisal HLM_STABLE 2C9_STABLE 2D6_STABLE 3A4_STABLE STABLE_3CYPS

4 Diflunisal HLM_STABLE 2C9_STABLE 2D6_STABLE 3A4_STABLE STABLE_3CYPS

5 261 HLM_STABLE 2C9_STABLE 2D6_STABLE 3A4_STABLE STABLE_3CYPS

6 14 HLM_STABLE 2C9_STABLE 2D6_STABLE 3A4_STABLE STABLE_3CYPS

7 66 HLM_MEDIUM_STABLE 2C9_MEDIUM_STABLE 2D6_STABLE 3A4_MEDIUM_STABLE STABLE_3CYPS

8 MERCK-480 HLM_MEDIUM_STABLE 2C9_MEDIUM_STABLE 2D6_STABLE 3A4_MEDIUM_STABLE STABLE_3CYPS

9 Chrysin HLM_MEDIUM_STABLE 2C9_MEDIUM_STABLE 2D6_STABLE 3A4_STABLE MAJOR_2C9

10 AxP224 HLM_MEDIUM_STABLE 2C9_MEDIUM_STABLE 2D6_STABLE 3A4_MEDIUM_STABLE UNSTABLE_2D6_3A4

11 44 HLM_MEDIUM_STABLE 2C9_STABLE 2D6_MEDIUM_STABLE 3A4_MEDIUM_STABLE STABLE_3CYPS

12 30 HLM_MEDIUM_STABLE 2C9_STABLE 2D6_STABLE 3A4_MEDIUM_STABLE UNSTABLE_2D6_3A4

13 45 HLM_MEDIUM_STABLE 2C9_STABLE 2D6_STABLE 3A4_MEDIUM_STABLE MAJOR_3A4

14 146 HLM_MEDIUM_STABLE 2C9_STABLE 2D6_STABLE 3A4_MEDIUM_STABLE UNSTABLE_2D6_3A4

15 Vedaprofen HLM_MEDIUM_STABLE 2C9_MEDIUM_STABLE 2D6_STABLE 3A4_STABLE UNSTABLE_3CYPS

16 Lumiracoxib HLM_STABLE 2C9_MEDIUM_STABLE 2D6_STABLE 3A4_STABLE STABLE_3CYPS

17 Tolfenamic HLM_MEDIUM_STABLE 2C9_MEDIUM_STABLE 2D6_STABLE 3A4_STABLE STABLE_3CYPS

18 Aceclofenac HLM_MEDIUM_STABLE 2C9_STABLE 2D6_STABLE 3A4_STABLE STABLE_3CYPS

19 KB13 HLM_MEDIUM_STABLE 2C9_MEDIUM_STABLE 2D6_STABLE 3A4_STABLE MAJOR_3A4

20 TIP HLM_MEDIUM_STABLE 2C9_STABLE 2D6_MEDIUM_STABLE 3A4_STABLE STABLE_3CYPS

21 EGCG HLM_STABLE 2C9_STABLE 2D6_STABLE 3A4_STABLE STABLE_3CYPS

22 Benzothiazol HLM_MEDIUM_STABLE 2C9_STABLE 2D6_STABLE 3A4_MEDIUM_STABLE MAJOR_3A4

23 Mefenamic HLM_STABLE 2C9_MEDIUM_STABLE 2D6_STABLE 3A4_STABLE MAJOR_2C9

24 Meclofenamic HLM_MEDIUM_STABLE 2C9_MEDIUM_STABLE 2D6_STABLE 3A4_STABLE UNSTABLE_3CYPS

25 Diclofenac HLM_MEDIUM_STABLE 2C9_MEDIUM_STABLE 2D6_STABLE 3A4_STABLE STABLE_3CYPS

26 Flufenamic HLM_STABLE 2C9_MEDIUM_STABLE 2D6_STABLE 3A4_STABLE STABLE_3CYPS  

Table 3. Table of CYP selectivity for the 26 TTR inhibitors selected. Human Liver Microsome (HLM), CYP2C9, 2D6 and 

3A4 have been checked in order to identify the selectivity of the molecules analyzed. STABLE = molecule is not 

metabolized by the enzyme; MEDIUM STABLE = the enzyme is able to metabolize the molecules; UNSTABLE = the 

given molecule is substrate of the enzyme; MAJOR = enzyme that will be responsible for the substrate metabolism. 
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In the results shown in the Table 3, for the 26 TTR stabilizing compounds,  it is possible 

to see that most of them are predicted to be degraded by the CYP isoform 2C9 and, 

moreover, this sample of the chemical-biology space, focused on the TTR protein, is 

metabolically quite stable; most of these compounds are considered by the system as 

“stable”, remarking that they are not only interesting for their amyloidosis 

antifibrillogenic activity, but they also present a promising pharmacokinetic profile. 

In vitro assays: predicted vs. experimental metabolites 

In order to carry out the experimental determination for the metabolites, Human Liver 

Microsomes (HLM, obtained from patient samples) and CYP isoforms 2C9, 2D6 and 

3A4, were used. 

The protocol perfomed was the following:  

Compounds to be tested were diluted in 10 ml of a mixture H2O:CH3CN (50:50) to 

obtain a solution 0.25 mM. In a 1.2 ml tube (from Micronic), 234 μL of buffer 

(phosphate 0.01 M pH=7.4) was added. After that, 6.3 µl of a solution of HLM 

UltraPool™ HLM 150 (cod. 452117 from BD Bioscience) or 25 μL of human CYP3A4 + 

Reductase + b5 Supersomes – 0.5 nmole (from BD Bioscience) or 25 μL of human 

CYP2C9 + Reductase + b5 Supersomes – 0.5 nmole   (from BD Bioscience) or 25 μL of 

human CYP2D6 + Reductase + b5 Supersomes – 0.5 nmole  (from BD Bioscience) were 

added. 

5 μL of the 0.25 mM compound solution prepared previously were added. Finally, 5 μL 

of NADPH-GS solution (for 1 ml of solution 15 mg NADPH, 13.8 G-6-P, 6 μL of G-6-P 

dehydrogenase, 1000 μL of MgCl2 48 mM) were added and the incubation was started. 

For each CYP experiment and compound, samples are taken at three different 

incubation times (0, 15 min and 30 min). 

When the incubations were finished, the samples were centrifugated during 10 min, at 

4 ºC (10000 r.p.m). Finally each sample was injected on a LC-MS-MS (Agilent, QToF 

detector): 2 μL of sample, 95:5 H2O-Ammonium formiate/CH3CN, 0.3 mL/min, 9 min. 

The compounds analyzed in these experimental assays for the determination of 

metabolites, from the list of 26 TTR ligands analyzed computationally, were: 

 Tafamidis 

 Meclofenamic 

 Tolfenamic 

 Lumiracoxib 
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 Vedaprofen 

 Diflunisal 

 Iododiflunisal 

The results obtained for each of these compounds, and the analysis of these results, 

are presented below. 

Tafamidis 

This registered TTR protein stabilizer for the FAP treatment presents the results 

displayed in Figure 3. 

 

Figure 3. (A) Bar plot showing the different species detected among the experiment for all the cytochromes tested 

and the HLM for Tafamidis. (B) Parent (blue) and metabolites detected concentrations represented against the 

three times sampled for HLM (0, 15, 30 min). 

No relevant metabolite was detected for this compound, Tafamidis, showing a high 

stability against the three cytochromes tested. Only a small amount of one metabolite 
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(parent mass -36 units) was detected in the HLM experiment (not related with the 

predicted metabolic profile due to CYP450). 

Meclofenamic 

 

Figure 4. (A) Bar plot showing the different species detected among the experiment for all the cytochromes tested 

and the HLM for Meclofenamic. (B) Parent (blue) and metabolites detected concentrations represented against the 

three times sampled for 2C9 (0, 15, 30 min). 

For this compound (Figure 4), Meclofenamic, one metabolite was detected (shown on  

Table 2, 8th entry). It was possible to confirm which Cytochrome P450 was responsible 

to degrade the parent compound (CYP2C9), and in addition, the in silico prediction was 

also confirmed. 
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Tolfenamic 

 

Figure 5. (A) Bar plot showing the different species detected among the experiment for all the cytochromes tested 

and the HLM for Tolfenamic. (B) Parent (red) and metabolite detected concentrations represented against the three 

times sampled for 2C9 (0, 15, 30 min). 

For Tolfenamic (Figure 5), one main metabolite was detected (shown on Table 2, 4th 

entry). It was possible to confirm which Cytochrome was responsible to degrade the 

parent compound (CYP2C9) and in addition, the in silico prediction was also confirmed. 
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Lumiracoxib 

 

Figure 6. (A) Bar plot showing the different species detected among the experiment for all the cytochromes tested 

and the HLM for Lumiracoxib. (B) Parent compound (yellow) and metabolites detected concentrations represented 

against the three times sampled for 2C9 (0, 15, 30 min). 

Again, the experimental result (Figure 6) validates for Lumiracoxib the in silico 

prediction performed with the planned workflow in this chapter; one main metabolite 

was detected (shown on Table 2, 3rd entry). Furthermore, it was possible to identify 

the CYP responsible for the parent compound metabolism (CYP 2C9). 

Vedaprofen 

In this case it was not possible to detect any metabolite due to the impossibility to 

detect the parent compound (or any metabolite) in the mass spectrometer. For this 

reason, in this case it was not possible to validate the prediction made via MetaSite. 

Diflunisal & Iododiflunisal 

In this pair of molecules (Figure 7 and 8), one main metabolite was predicted for 

Diflunisal (Table 2, 1st entry) using the MetaSite package. In the case of Iododiflunisal, 

no metabolite was predicted due to the protection provided by the crucial position of 
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the iodine atom in the molecular scaffold, conferring metabolic resistance to this 

promising TTR amyloid inhibitor. 

Figure 7. (A) Bar plot showing the different species detected among the experiment for all the cytochromes tested 

and the HLM for Diflunisal. (B) Parent compound (red) and metabolite detected concentrations represented against 

the three times sampled for 2C9 (0, 15, 30 min). 
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 Figure 8. (A) Bar plot showing the different species detected among the experiment for all the cytochromes tested 

and the HLM for Iododiflunisal. (B) Parent compound (blue) and metabolite detected concentrations represented 

against the three times sampled for 2C9 (0, 15, 30 min). 

In summary, for 5 of the compounds tested, it was possible to confirm the predictions 

obtained from the in silico workflow. In addition, Tafamidis and Iododiflunisal were 

determined as stable compounds from the point of view of Cytochrome P450 

metabolism resistance. Furthermore, it can be assumed that Iododiflunisal, a high 

potent amyloid inhibitor25, is even more stable than Tafamidis (a registered orphan 

drug for a TTR-mediated amyloidosis), showing a nice profile for all the cytochromes 

and HLM tested. 

It has been also demonstrated that the MetaSite package is a powerful drug discovery 

tool in order to predict the most relevant SOM and possible metabolites for a given 

compound. 
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Most of the TTR compounds experimentally analyzed in this study have shown isoform 

selectivity for CYP2C9. 

Further work 

With the aim to take advantage of the predictive/experimental metabolism analysis 

procedures described in this chapter, a new drug design workflow has been 

implemented. 

As it has been mentioned before, any advance in the pharmacokinetic early 

optimization analysis will be really important in the drug discovery process. For this 

reason, considering the metabolic pathways found analyzing the 26 TTR active 

compounds, a docking experiment on the wtTTR protein structure was performed, 

using all the metabolites determined using MetaSite for the 26 molecules selected. 

The objective was to find any possible metabolite showing a good binding profile 

against TTR wild type (wtTTR) tridimensional structure model, in order to evaluate new 

amyloidogenic inhibition pathways derived from each parent compound. 

The focus of many drug design processes is usually the optimization of the potency of a 

given set of lead compounds for a protein target. The optimization of the 

pharmacokinetic parameters are usually considered in later stages of the process. But 

a parallel question in the drug design process could be: “can we focus a drug discovery 

campaign from a different point of view, considering in the first place items like the 

metabolic stability of the compounds under study?”. 

The proposed answer to this question is “yes”, taking into account that with 

technologies such as the one presented in this chapter, it is possible to predict the 

metabolic profile for a given compound and, at the same time, to predict which kind of 

substitutions can be introduced in the molecule to improve its stability vs. the 

Cytochrome CYP P450 enzymes, and avoid in such manner undesirable degradations of 

the molecule (resulting in lack of potency or generation of toxic effects associated with 

the compound metabolites). 

Considering this point of view, the set of 26 TTR active compounds were analyzed in 

order to get analogs with a different chemical structure, through decorations of the 

compound’s scaffolds. These structural modifications were designed to be stable 

against the cytochrome-mediated metabolism, and a new workflow to start the lead 

optimization step for TTR protein has been established, taking as starting point 

compounds with a high metabolic stability.  

Some preliminar docking experiments in the wtTTR protein structure (still unpublished 

and not yet validated through chemical synthesis/biological activity analysis) have 
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been carried out with these metabolically optimized TTR ligand analogs, and several 

virtual hits have been obtained, opening new avenues to drug discovery and 

development of TTR active and metabolically stable compounds for amyloidosis 

treatment, that could be eventually driven to preclinical and clinical phases. 

As a result of this combined computational workflow (prediction of metabolic 

pathways and design of metabolically stable analogs of TTR ligands + docking of TTR 

analogs into the TTR protein structure active site) a database of these TTR analogs for 

most of the active compounds in the TTR Consortium library has been generated.  Each 

entry in this annotated database contains: a) the parent structure of the active TTR 

ligand and its proposed metabolites; b) the predicted metabolic stability (or liability) of 

the parent TTR ligand and of its proposed metabolites; and c) the predicted theoretical 

affinity towards the TTR fibillogenesis assay of the parent TTR ligand and of its 

proposed metabolites. This annotated database and its data-intensive contents could 

eventually be prioritized to obtain new compounds that are synthetically accessible,  

and to carry out experimental activity assays and experimental metabolic stabilization 

studies of the synthesized compounds, in order to generateoptimized TTR ligands.    
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The main conclusions of this thesis, associated to the proposed objectives, are: 

a) A chemico-biological database containing the chemical structures and biological 

activities of around 800 transthyretin (TTR) ligands has been implemented. 

 

b) A computational workflow to obtain TTR ligand fingerprints has been 

developed, and the application of this workflow to the repurposing of 

marketed antiinflammatory drugs has delivered 3 compounds as new TTR 

stabilizers. 

 

c) A computational workflow to obtain a TTR-protein structure based 

pharmacophore has been developed, and the application of this workflow to a 

database of flavonoid compounds has delivered one compound as a new TTR 

stabilizer. 

 

d) A computational workflow to obtain Ligand Efficiency Indices (LEIs) 

retrospective analysis of the TTR Chemico-Biological Space (CBS) has been 

developed, and its application to the TTR Consortium database has allowed the 

evaluation of the efficiency of TTR ligands in the different TTR chemical 

structural classes. 

 

e) A computational workflow of a TTR-protein structure based ligand docking 

protocol has been developed, and its application combined with the LEIs 

retrospective workflow has allowed the design of new more efficient TTR 

ligands structurally related to the most active TTR ligand, Iododiflunisal. 

 

f) A combined computational/experimental workflow for the analysis of the 

metabolic stability of TTR ligands, has been developed, and its application to 

compounds with TTR affinity (including drugs and a selected subset from our 

database) has allowed to rationalize their pharmacokinetic and metabolic 

properties, and the design of new derivatives with optimized metabolic 

stability. 

 

g) A chemico-biological database containing the chemical structures of TTR active 

ligands, and of their predicted metabolites, as well as the theoretical affinities 

of all these compounds through the TTR docking protocol, has been 

implemented. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

RESUMEN 

  



 
 



RESUMEN 

137 

 

1. Introducción  

1.1 Amiloidosis 

Las amiloidosis son enfermedades asociadas a la alteración o daño producido en las 

funciones de un órgano determinado debido a la acumulación de depósitos 

extracelulares, conocidos como amiloides. Estos depósitos son producidos por la 

desorganización de una proteína (o fragmentos de ella) que ha perdido su plegamiento 

natural, perdiendo por lo tanto su función. 

Actualmente, se han identificado unas 20 proteínas humanas como precursoras de 

amiloides relacionadas con una amplia variedad de enfermedades. La proteína 

Transtirretina (TTR) es una de ellas. 

1.2. Transtirretina 

La proteína TTR es una proteína homotetramérica que tiene como función primaria 

transportar la hormona tiroxina (T4) a través de la barrera hematoencefálica, y actúa 

de transportadora de emergencia de dicha hormona T4 en plasma. Así mismo también 

es la principal transportadora de la vitamina A mediante la formación de un complejo 

con la Retinol-Binding Protein. 

La proteína TTR presenta un comportamiento amiloidogénico, presentando más de 

100 mutaciones distintas asociadas a diversas amiloidosis hereditarias. El mecanismo 

de agregación y de formación de los depósitos amiloides no se conoce con detalle, 

pero está aceptado que el proceso global consta de varias etapas: 1) cambios 

conformacionales en la forma monomérica de la proteína; 2) agregación de estos 

monómeros modificados para formar distintas especies oligoméricas (no fibrilares y 

solubles); 3) formación de protofibras y fibrillas y, por último, 4) elongación y 

formación de las fibras maduras (que posteriormente acaban formando los depósitos 

amiloides en forma de placas)1. Algunas de las enfermedades raras que son causadas 

por este proceso son, por ejemplo: la polineuropatía familiar amiloide (FAP), la 

cardiomiopatía familiar amiloide (FAC), la amiloidosis selectiva del sistema nervioso 

central (CNSA) o la amiloidosis senil sistémica (SSA). 

Actualmente, el trasplante de hígado es la única terapia disponible para FAP y FAC, con 

resultados no siempre positivos y en muchos casos insuficiente o totalmente inefectiva 

en los casos de mutantes de TTR relacionados con el sistema nervioso central, donde 

también se sintetiza la proteína. 

Basada en la hipótesis de la estabilización cinética del tetrámero usando ligandos con 

alta afinidad por el centro de unión de la proteína, que sustituyan a la hormona y 

estabilicen el tetrámero, se ha desarrollado una nueva aproximación terapéutica que 
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se muestra prometedora y ha demostrado ser capaz de prevenir la disociación inicial 

de la proteína, requerida para la formación de las fibras. 

Gracias a la colaboración y participación de un grupo multidisciplinar, ha sido posible 

obtener y evaluar la actividad biológica de 800 compuestos para la estabilización 

cinética del homotetrámero de TTR. Tras el estudio de diversas estructuras 

cristalográficas depositadas en el Protein Data Bank (www.rcsb.org), ha sido posible 

demostrar que el centro de unión de TTR presenta 3 pares de depresiones llamadas 

“Halogen Binding Pockets” (HBP) que son capaces de reconocer selectivamente 

átomos de yodo en frente de otros halógenos2. Teniendo en cuenta este concepto y 

sabiendo que muchos antiinflamatorios no esteroides (NSAID) son capaces de unirse y 

estabilizar la proteina TTR3,4, se han podido obtener familias de derivados de NSAIDs 

yodados, con afinididades muy elevadas por la proteina y con una capacidad 

estabilizadora muy prometedora. 

1.3. Objetivos de la presente tesis 

Los principales objetivos de este proyecto de investigación están centrados en el 

diseño de nuevos (y mejores) estabilizadores de TTR. Para ello, se han puesto a punto 

las siguientes metodologías: 

a) Generar una base de datos químico-biológica que compila todos los 

compuestos generados por el Consorcio de TTR (tanto los históricos creados a 

lo largo del proyecto iniciado en el año 2000, como los nuevos sintetizados) y 

que contiene todas las estructuras y actividades biológicas relativas a la 

proteína TTR. 

b) Explorar la posibilidad de utilizar técnicas de repurposing aplicadas al 

descubrimiento de nuevos inhibidores de la disociación de TTR partiendo de 

fármacos ya existentes, centrando el estudio en compuestos anti-inflamatorios. 

c) Diseñar nuevos compuestos flavonoides capaces de unirse a TTR y estabilizarla 

mediante diseño basado en estructura. 

d) Incorporar el análisis mediante el uso de los Ligand Efficiency Indices (LEI) como 

nueva herramienta para diseñar nuevos compuestos con una eficiencia 

optimizada para la proteína TTR. 

e) Desarrollo computacional de una estrategia combinada (predicitva y 

experimental) basada en el estudio de la estabilidad metabólica de un grupo de 

ligandos de TTR, como posible herramienta para la optimización de compuestos 

de nuestra base de datos interna en base a la obtención de  mejores 

propiedades farmacocinéticas. 
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2. Repurposing basado en Fingerprints 

Desde hace años, las compañías farmacéuticas has aumentado la inversión de forma 

significativa en el proceso de descubrimiento y optimización de fármacos, aplicando 

nuevas técnicas para ello, como por ejemplo, el diseño de compuestos basado en la 

estructura de las proteínas diana, química combinatoria, high-throughput screening 

(HTS), etc. Sin embargo, el impacto de estas mejoras no ha sido lo suficientemente 

significativo en el aumento de la eficiencia del proceso de descubrimiento de 

fármacos. 

Por ello, se han consolidado otras estrategias para reducir el tiempo y dinero invertido 

en el proceso. Una de ellas es el reposicionamiento de fármacos (o repurposing). 

Esta aproximación se basa en buscar una nueva indicación terapéutica para un 

fármaco existente en el mercado (o retirado del mismo por cualquier razón, excepto 

por motivos de seguridad para el paciente). El hecho de conocer el perfil 

farmacocinético y de seguridad de un fármaco en el mercado, hace que sea posible su 

desarrollo para otra indicación reduciendo la inversión necesaria, en un proceso de 

desarrollo del fármaco potencialmente más rápido y con riesgos mínimos en cuanto a 

seguridad y toxicidad. 

Con el objetivo de aplicar este tipo de metodología para el descubrimiento de 

compuestos estabilizadores de la proteína TTR con posibilidades de llegar al mercado, 

se ha establecido una estrategia basada en ligandos utilizando un modelo de 

fingerprints para ello. 

Los fingerprints son vectores 2D/3D que contienen información de la presencia o 

ausencia de determinadas propiedades o elementos en una molécula. 

Usando este tipo de vectores puede codificarse información relativa a elementos 

topológicos de una molécula, conectividad química y conformaciones tridimensionales. 

Esta metodología nos ha permitido realizar una búsqueda basada en la similaridad con 

3 compuestos estabilizadores de TTR muy potentes sobre un grupo de 120 fármacos 

en el mercado, extraídos de Prous Science Integrity DataBase 

(http://integrity.prous.com/)5,6. 

Para llevar a cabo este análisis se utilizaron 3 tipos distintos de fingerprints: MACCS 

(basados en la estructura de los compuestos a analizar), TAF (basados en la tipología 

de los átomos presentes) y GpiDAPH3 (basados en los elementos farmacofóricos 

presentes), obteniendo 9 potenciales candidatos, de los cuales, tras la evaluación in 

vitro, 3 compuestos que han llegado al mercado para otras indicaciones (Lumiracoxib, 

Tolfenamic y Aceclofenac), son capaces de estabilizar el tetrámero e inhibir la 

http://integrity.prous.com/
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formación de fibras, confirmando de este modo, las predicciones basadas en la 

similaridad y demostrando la utilidad de la aproximación basada en el repurposing. 

3. Modelización basada en farmacóforo 

Un farmacóforo se define como el conjunto de elementos estéricos y electrónicos 

necesarios para asegurar una interacción intermolecular óptima de un compuesto con 

una diana biológica concreta, de forma que se bloquee o se active una determinada 

respuesta. La modelización basada en esta tecnología permite el hallazgo de nuevos 

compuestos con un perfil de actividad interesante para la diana terapéutica en 

cuestión. 

Teniendo en cuenta que es bien conocido que muchas flavonas (y derivados)7,8,9 

muestran una gran afinidad hacia TTR y son capaces de estabilizar el tetrámero in vitro, 

y que dichos tipos de compuestos se unen preferentemente al canal de unión de la 

proteína, se ha llevado a cabo una aproximación de modelización basada en 

farmacóforo para encontrar flavonas que puedan ser de utilidad para la estabilización 

del homotetrámero de TTR. 

Una base de datos de flavonas y flavonoides disponibles comercialmente, extraída del 

proyecto MMsINC10, se ha analizado usando un modelo farmacofórico construido a 

partir de una estructura cristalográfica siguiendo los siguientes pasos: a) identificación 

y extracción del farmacóforo relativo a la estructura escogida (PDB ID: 1KGJ, 

http://www.rcsb.org); b) análisis conformacional de los compuestos seleccionados 

(usando algoritmos de dinámica molecular, lowMD); c) clasificación de los confórmeros 

en base a su encaje dentro del modelo farmacofórico obtenido; d) visualización y 

selección de los hits virtuales obtenidos11. 

Siguiendo esta metodología, se han podido priorizar 4 nuevos compuestos con 

estructura flavonoide, candidatos a ser nuevos inhibidores de la amiloidogénesis 

asociada a TTR. Tras el análisis in vitro, se ha podido confirmar que uno de los 

compuestos adquiridos y ensayados, posee una actividad antiamiloidogénica 

moderada. 

4. Ligand Eficiency Indices (LEIs) 

El concepto de eficiencia de un ligando (LE), que relaciona la energía de enlace (ΔG) de 

un compuesto con la proteina de interés, con el tamaño de dicho ligando (el número 

de átomos exceptuando hidrógenos) fue introducido por Hopkins et al. en 200512. El 

uso de los LE que asocia la afinidad (expresada en forma de Ki, IC50 o similares) con el 

tamaño molecular (peso molecular, número de átomos, NHEA o número de átomos 

pesados, etc) está bien establecido, y dos nuevas definiciones de índices de eficiencia 

de ligandos (LEIs o Ligand Efficiency Indices) se introdujeron en 2005: BEI (índice de 

http://www.rcsb.org/
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eficiencia de enlace, que establece una relación entre la potencia y el peso molecular 

de una determinada molécula) y SEI (índice de eficiencia de superficie, que relaciona la 

potencia de una molécula con su área superficial polar, PSA). La combinación de 

ambos índices para el análisis retrospectivo del espacio químico-biológico, ha 

demostrado ser una poderosa herramienta para el estudio de trayectorias de 

optimización en proyectos de descubrimiento de fármacos13,14. 

Con el objetivo de optimizar los compuestos recogidos en la bases de datos disponibles 

en el consorcio (tanto sintetizados como adquiridos), evaluados in vitro contra la 

proteína TTR, se ha explorado una nueva vía, basada en este concepto de los índices 

de eficiencia de ligandos, para la obtención de nuevos inhibidores de amiloidosis con 

mayor eficiencia, centrada en un área concreta del  espacio químico-biólogico de la 

proteina TTR. Para ello se ha seleccionado una familia muy prometedora de 

inhibidores de amiloidogénesis, ya publicados5, que ha sido incorporada a un mapa 

bidimensional, usando las representaciones de los LEIs (nBEI vs NSEI), combinando las 

3 variables cruciales: potencia, peso molecular y PSA. Los mapas bidimensionales 

obtenidos permiten llevar a cabo un análisis retrospectivo de la serie de compuestos 

en detalle y, así mismo, permiten sugerir posibles nuevos caminos de optimización 

para obtener posibles candidatos más eficientes como ligandos TTR. 

Además, usando herramientas computacionales (docking, modelos de farmacóforo y 

cálculos teóricos de Ki) en combinación con los Indices de Eficiencia de Ligando, se ha 

podido establecer una metodología prospectiva que permite idear nuevos 

compuestos, teóricamente, más eficientes y por lo tanto candidatos más firmes para 

llegar a fases avanzadas del proceso de descubrimiento de fármacos (preclínica o fases 

clínicas)15. De este estudio in silico, tras obtener una lista de propuestas sintéticas 

asumibles, se han obtenido 4 compuestos activos, siendo la mayoría incluso más 

eficientes que las moléculas que se han utilizado como punto de referencia del 

estudio. 

5. Estudios in silico de Estabilidad Metabólica 

Como se ha comentado con anterioridad, como parte de un proyecto de investigación 

multidisciplinar, y con el objetivo principal de obtener más y mejores inhibidores 

amiloidogénicos para la proteina TTR, se han sintetizado alrededor de 800 moléculas, 

compiladas todas ellas en una base de datos de creación propia.  

Con la intención de añadir valor a algunos de nuestros candidatos más prometedores y 

poder plantear un proyecto de diseño y optimización de compuestos basados en la 

mejora de las propiedades farmacocinéticas de nuestros compuestos, y en 

colaboración con el grupo del Profesor Gabriele Cruciani  de la Università degli Studi di 

Perugia, en Italia, se ha llevado a cabo un estudio tanto computacional como 
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experimental del perfil farmacocinético de un subgrupo de 26 inhibidores de TTR de 

diversas familias químicas. El objetivo de este estudio es el de poder establecer un 

modelo predictivo de las propiedades fisicoquímicas, farmacocinéticas y de la 

estabilidad metabólica de este grupo de moléculas escogidas, en términos de 

absorción, interacción con las diferentes isoformas de los citocromos CYP450 a 

estudiar, posibles posiciones de metabolismo en la estructura de los ligandos TTR, y 

otros parámetros relacionados. 

5.1. Estudio in silico 

Los 26 compuestos escogidos para llevar a cabo el estudio presentan una buena 

actividad inhibidora de fibrilogénesis. Muchos de ellos han alcanzado fases clínicas 

avanzadas para otras indicaciones o son fármacos en el mercado. 

Para llevar a cabo las predicciones y estimaciones sobre el posible perfil metabólico de 

los compuestos, se ha utilizado el paquete de software MetaSite16. Dicho programa 

permite al usuario visualizar el perfil metabólico completo de una determinada 

molécula e identificar las posiciones metabólicas (en inglés SOM o “Sites of 

Metabolism”) más probables. La metodología utilizada se basa en la comparación de 

dos grupos de descriptores moleculares, uno para caracterizar el citocromo P450 que 

se esté considerando y otro para el substrato potencial (es decir, la molécula 

introducida en el sistema por el usuario). Ambos grupos de descriptores crean la 

“huella digital” que representa al enzima y al substrato, respectivamente. 

Tras estos cálculos se puede estimar y definir la accesibilidad del substrato al grupo 

hemo de la enzima CYP450 que se está considerando. Este proceso permite al sistema 

hacer una predicción de cuáles serán las posiciones metabólicas (SOM) más probables 

basada en la integración de una función de probabilidad correlacionada con la energía 

libre del proceso completo. 

También se ha llevado a cabo una predicción de la selectividad de un determinado 

substrato hacia un grupo de diversas isoformas de citocromos, gracias a otro software 

(CYP Consortium Models) desarrollado también en el grupo de investigación del Dr. 

Cruciani. Este programa permite evaluar cuales serán las isoformas responsables de 

degradar un compuesto a través de un proceso y unos algoritmos muy similares a los 

utilizados en MetaSite. 

Tras este doble filtro, se ha podido establecer una primera priorización de los 

compuestos en base a la estabilidad metabólica teórica. Teniendo en cuenta el hecho 

de que, algunos de los compuestos seleccionados son fármacos o moléculas en fase 

clínicas avanzadas, se ha llevado a cabo una comparación entre la información 

obtenida tras las predicciones efectuadas, y la información recopilada de la bibliografía 
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sobre los metabolitos aislados y caracterizados, permitiendo establecer un pequeño 

grupo de validación para las estimaciones de estabilidad metabólica in silico. 

Tras analizar toda la información recopilada de esta primera fase del estudio, se han 

realizado los experimentos de estabilidad metabólica con 7 de los compuestos 

analizados: Tafamidis (el primer fármaco lanzado al mercado para el tratamiento de 

una de las amiloidosis de TTR), Meclofenámico, Tolfenámico, Lumiracoxib, 

Vedaprofeno, Diflunisal y Yododiflunisal. 

5.2. Estudio in vitro 

Con el objetivo de confirmar y validar el estudio computacional realizado, se han 

llevado a cabo los ensayos de estabilidad metabólica desarrollados en el grupo del Dr. 

Cruciani, consistentes en la incubación a diferentes tiempos de los compuestos con las 

diversas isoformas de los citocromos (en este caso 2C9, 2D6 y 3A4). Tras las 

mencionadas incubaciones, se han inyectado en un equipo de cromatografía líquida 

conectado a un detector MS-MS, de las distintas muestras que proporcionaron los 

datos necesarios para determinar que metabolitos se han formado en cada caso. 

Además, al realizar los ensayos a distintos tiempos, ha sido posible llevar a cabo un 

tipo de representación gráfica muy similar a una cinética de reacción donde ha sido 

posible ver la evolución del compuesto “padre” y sus diversos metabolitos “hijos” a lo 

largo de la ventana de tiempo seleccionada. 

Para llevar a cabo los experimentos de estabilidad metabólica con los inhibidores 

seleccionados, se ha seguido el protocolo detallado a continuación: 

El compuesto a analizar se diluye en 10 ml de una mezcla H2O:CH3CN (50:50) para 

obtener una solución de concentración 0.25 mM.  

En un tubo Micronic de 1.2 ml, se añaden 234 μL de solución tampón (fosfato 0.01 M 

pH=7.4). A continuación se añaden 6.3 µl de una solución de HLM UltraPool™ HLM 150 

(cod. 452117 de BD Bioscience) o 25 μL de CYP3A4 + Reductasa + b5 Supersomes – 0.5 

nmol (BD Bioscience) o 25 μL de CYP2C9 + Reductasa + b5 Supersomes – 0.5 nmol (BD 

Bioscience) o 25 μL de CYP2D6 + Reductasa + b5 Supersomes – 0.5 nmol (BD 

Bioscience). 

Seguidamente, 5 μL de la solución de compuesto 0.25 mM preparada anteriormente se 

adicionan a la mezcla enzimática y se activa la reacción con 5 μL de solución de 

NADPH-GS (para 1 ml de solución, 15 mg NADPH, 13.8 G-6-P, 6 μL of G-6-P 

deshidrogenasa, 1000 μL of MgCl2 48 mM). La mezcla resultante se incuba a 37 ºC 

durante 0, 15 y 30 minutos.  
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Cuando se finaliza la incubación, se centrifugan las muestras durante 10 min, a 4 ºC 

(10000 r.p.m) y cada muestra es inyectada en un equipo de cromatografía LC-MS-MS 

(2 μL de muestra, 95:5 H2O-formiato de amonio/CH3CN, 0.3 mL/min, 9 min). 

Los resultados preliminares obtenidos han permitido confirmar que el uso de 

herramientas predictivas destinadas a la evaluación y determinación de la estabilidad 

metabólica que permiten obtener moléculas resistentes a la degradación metabólica, 

podría llegar a ser una estrategia de optimización de compuestos con actividad 

estabilizadora para TTR a tener en cuenta en futuros proyectos relacionados con esta 

proteína y las enfermedades relacionadas con ella. Así mismo, los resultados obtenidos 

en el estudio experimental de la degradación metabólica, han confirmado las 

predicciones realizadas a lo largo del estudio teórico y han permitido la apertura de 

una nueva estrategia basada en la optimización a priori de la estabilidad metabólica de 

compuestos que puedan ser estabilizadores del tetrámero de TTR y aplicables para el 

tratamiento de amiloidosis relacionadas con la proteína, de forma más efectiva y 

rápida. 

6. Conclusiones 

Tras los estudios realizados a los largo de este proyecto de tesis, las principales 

conclusiones asociadas a los objetivos propuestos son: 

a) Se ha creado una base de datos que contiene alrededor de 800 ligandos de la 

proteína TTR. 

b) Se ha desarrollado una metodología computacional basada en el uso de 

fingerprints y se ha aplicado al reposicionamiento (repurposing) de fármacos 

anti-inflamatorios en el mercado, obteniendo 3 nuevos compuestos capaces de 

estabilizar la proteína. 

c) Se ha desarrollado una metodología computacional basada en el uso de 

farmacóforos. Dicha estrategia se ha aplicado sobre una base de datos de 

compuestos tipo flavonoides, permitiendo la identificación de un nuevo 

estabilizador de TTR. 

d) Se ha llevado a cabo un análisis retrospectivo del espacio químico-biológico de 

la proteína TTR, usando los Ligand efficiency índices (LEIs). Ello ha permitido 

evaluar la eficiencia de los ligandos conocidos para TTR. 

e) Se ha desarrollado una nueva aproximación al diseño de inhibidores de 

amiloidogénesis a través de un protocolo de docking combinado con la 

tecnología de los LEIs. Ello ha permitido diseñar nuevos y más eficientes 

estabilizadores de TTR basados en uno de los compuestos más potentes 

descritos (Yododiflunisal). 

f) Se ha desarrollado una metodología combinada (computacional/experimental) 

para el análisis de la estabilidad metabólica de un grupo de ligandos de TTR 
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(incluyendo entre ellos fármacos y otros compuesto de interés). Esto ha 

permitido racionalizar sus propiedades farmacocinéticas (en términos de 

metabolismo) y diseñar nuevo derivados con una estabilidad optimizada. 

g) Se ha creado una base de datos que contiene las estructuras de los ligandos 

activos seleccionados para este estudio, junto a sus metabolitos determinados 

de forma computacional y experimental, así como las afinidades teóricas 

(calculadas en base a un protocolo de docking). 
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