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Abstract (ENG) 

Human thymidylate synthase (hTS) plays a fundamental role in the synthesis of DNA, essential for 

cell survival. hTS is involved in the folate pathways, specifically in the de novo pyrimidine 

biosynthesis. Protein structure and functions are intimately correlated for the explication of the 

enzymatic activity. Despite the enormous amount of work reported in the literature, hTS structure-

function relationships features are still unclear, especially the different conformations and 

monomers/dimer equilibrium of this obligate homodimeric protein and its role in protein 

expression regulation. The above-mentioned concept was largely investigated during the execution 

of the AIRC project entitled “Protein-protein interaction inhibitors of thymidylate synthase against 

colorectal cancer” that was also in part the topic of my PhD thesis. Additionally, my project was 

included in the PhD regional program dedicated to ONCOPENTA “Oncologia di Precisione e 

Nuove Terapie Antitumorali”. 

hTS is the most renowned anticancer drug target. Over 3300 clinical trials have been performed 

since the early sixties, some of them providing anti-TS clinical drugs as Fluorouracil (FU), 

Pemetrexed and Raltitrexed that are adopted in different cancer types such as colorectal cancer 

(CRC) and more recently in ovarian cancer (OC). All the mentioned drugs, after prolonged use, 

cause drug resistance that makes the drug ineffective. In OC, cross-resistance with platinum drugs 

is also observed. One of the main resistance mechanisms is the overexpression of hTS. The 

development of new drugs able to overcome drug resistance effects due to high TS protein level 

would be an important achievement. This requires a change of strategy and the discovery of new 

mechanisms of inhibition that should unpair the protein inhibition with respect to its TSmRNA 

regulation. Currently, TS-targeting drugs bind at the catalytic-pocket and mostly resemble the 

protein substrates. Allosteric inhibitors (non-substrate analogues) binding at the protein dimeric 

interface may alter the dimer/monomer equilibrium by increasing the monomer form amount thus 

triggering cellular pathways modulation previously unexplored. The first compound with the 

mentioned features E7 (LC1343) N-(6-(methylsulfonyl)benzo[d]thiazol-2-yl)-2-((4-

nitrophenyl)thio)-2-phenylacetamide was recently identified. However, a lead optimization work is 

necessary to optimize the compound properties. 

The specific aim of my thesis work is the design and development of novel dissociative inhibitors 

stemming from the LC1343 lead. The new compounds should induce a perturbation in the dimer-

monomer equilibrium in favour of the monomeric form thus, inhibiting the catalytic function, 

preserving the regulatory activity and consequently reduce the development of drug resistance. To 

achieve this aim, I have synthesized more than 40 compounds that were tested and analysed using 

enzyme kinetic inhibition studies and fluorescence resonance energy transfer (FRET) assays that 

revealed the capability of these compounds to disrupt the dimeric form of hTS. To gain evidence 



 

that our compounds determine hTS dimer disruption in cells, I have designed and synthesized 

compounds with fluorescence probe that we resorted in fluorescence microscopy. Moreover, I have 

developed a scale-up methodology for chemical processes and preparative chiral HPLC resolution 

of compound E7 to obtain the in vivo data. My lead optimization work provided a compound, AIC-

C37, that showed higher solubility and efficacy with respect to E7 and Fluorouracil and interesting 

anchoring point for in vitro and in vivo mechanism of action studies.  

 

Key words: thymidylate synthase, protein-protein interaction inhibitors (PPI), anticancer, drug 

development, medicinal chemistry. 

 

Abstract (ITA) 

La timidilato sintasi umana (hTS) svolge un ruolo fondamentale nella sintesi del DNA, essenziale 

per la sopravvivenza cellulare. L’hTS è coinvolta nel percorso dei folati specificamente nella 

biosintesi ex novo delle pirimidine. La struttura della proteina e le sue funzioni sono strettamente 

correlate per l’esplicazione dell’attività enzimatica. Nonostante la quantità di lavori riportati in 

letteratura, le caratteristiche delle relazioni struttura-funzione del hTS non sono ancora chiare, in 

particolare le diverse conformazioni e le forme di equilibrio monomero/dimero di questa proteina, 

omodimero obbligato e il suo ruolo nella regolazione dell’espressione genica. Il concetto espresso 

precedentemente è stato ampiamente investigato durante il progetto AIRC intitolato “Inibitori 

dell’interazione proteina-proteina della timidilato sintasi contro il cancro al colon retto”, che è stato 

parte del mio progetto di dottorato. Inoltre, il mio progetto è incluso nel programma del PhD 

regionale ONCOPENTA “Oncologia di Precisione e Nuove Terapie Antitumorali”. 

hTS è tra i bersagli più studiati per la progettazione di farmaci antitumorali. Oltre 3300 studi clinici 

sono stati condotti dall'inizio degli anni sessanta, alcuni dei quali hanno portato alla scoperta di 

farmaci anti-TS come il Fluorouracile (5-FU), Pemetrexed e Raltitrexed che sono utilizzati in 

diversi tipi di tumori come quello del colon-retto (CRC), e recentemente dell’ovarico (OC). I 

farmaci citati, dopo un uso prolungato determinano resistenza farmacologica rendendoli inefficaci. 

Inoltre nell’ OC è presente la resistenza incrociata per l’utilizzo di farmaci a base di platino. Uno 

dei principali meccanismi di tale resistenza è la sovraespressione dell’hTS. Un risultato importante 

è l’ottenimento di nuovi farmaci abili nel superare l’effetto della resistenza farmacologica indotta 

da elevati livelli della proteina TS.  

Pertanto, l'inibizione proteica rispetto alla sua regolazione TSmRNA richiede una strategia 

alternativa e la scoperta di un nuovo meccanismo di inibizione. Attualmente, i farmaci anti-TS sono 

inibitori che si legano nella tasca catalitica, mimando i substrati. Gli inibitori allosterici (non 

substrati analoghi), legandosi all’interfaccia dimerica della proteina, possono alterare l’equilibrio 



 

dimero\monomero con l’incremento della forma monomerica, innescando così la modulazione 

delle vie cellulari, ad ora inesplorate. E7 (LC1343) N-(6-(metilsulfonil)benzo[d]tiazol-2-il)-2-((4-

nitrofenil)tio)-2-fenilacetamide è stato il primo composto recentemente individuato con tali 

caratteristica, ma necessita di un lavoro di ottimizzazione per migliorare le proprietà 

farmacologiche. 

Lo scopo principale della tesi è la progettazione e lo sviluppo di nuovi inibitori, analoghi di 

LC1343, che alterano l’equilibrio dimerico della proteina. I nuovi composti dovrebbero indurre una 

perturbazione dell’equilibrio dimero monomero in favore della forma monomerica, inibendo la 

funzione catalitica, preservando l’attività regolatoria e conseguentemente la riduzione della 

resistenza farmacologica. Per raggiungere tali obiettivi, ho sintetizzato più di 40 composti che sono 

stati testati ed analizzati con studi di inibizione enzimatica e di FRET (fluorescence resonance 

energy transfer). Quest’ultimo quale rileva la capacità di questi composti di ridurre la forma 

dimerica della TS. Per stabilire se i nostri composti determinano la separazione del dimero a livello 

cellulare, ho progettato e sintetizzato composti legati a sonde fluorescenti. Inoltre, ho sviluppato 

una nuova sintesi per la produzione del composto in quantità di grammi e la risoluzione 

enantiomerica tramite HPLC preparativa chirale per ottenere i dati in vivo del nostro composto 

migliore. Il mio lavoro di ottimizzazione ha portato all’ottenimento del composto AIC-C37 che 

presenta una migliore attività biologica e solubilità (rispetto ad LC1343 e 5-FU) ed un interessante 

punto di collegamento molecolare per studiare il meccanismo in vivo. 

  



 

Premise and Thesis Organization  

This thesis project takes part from multidisciplinary collaborative AIRC project (AIRC2015-
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development of a chiral preparative HPLC method; ììì) designed and synthesized fluorescent 

probes conjugates in which the suitable dissociative inhibitor is linked to a fluorescent probe for 

intracellular imaging investigations. 
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1.1. Cancer overview 

Malignant cancer cells are the result of different modifications of specific genes in the cell’s DNA1. 

Every tumour mass originates from one modified cell. Once a malignant cell is formed, it starts an 

incredible speed cell cycle replication, which causes the formation of the tumour mass. It is never 

just one modified gene that leads to atypical cell growth, but it is the result of a series of modified 

genes. Tumorigenesis is a multistep process, that involves the accumulation of successive 

mutations in oncogenes and tumour suppressor genes that deregulate the cell cycle2. Cells can then 

move through the bloodstream from the tumour mass in other districts of the body, originating 

secondary cancers called metastases3. 

The Global Health Observatory of the World Health Organization reported that cancer is the 

second leading cause of death globally and it was responsible for 8.8 million deaths in 2015. The 

most common causes of cancer death are cancers of the lung (1,69 million deaths), liver (788 000 

deaths), colorectal (774 000 deaths), stomach (754 000 deaths) and breast (571 000 deaths). 

Cancer drug development is a lengthy process that requires around 15 years to obtain a successful 

drug ready for FDA (Food and Drug Administration) acceptation4. 

It has been previously estimated that starting with 10,000 chemical compounds initially tested in 

pre-clinical studies, only 5 are eventually assessed in clinical trials, and only one achieves to gain 

official approval. The final cost of the whole drug development process has been approximately 

estimated to exceed $ 800,000,0005. 

In Italy, the five most common cancers in 2017 are colorectal cancer (53,000 new cases), breast 

(51,000 new cases, it increases between 45-49 years old and over 70 years old, because of the wide 

screening), lung (41,800), prostate (34,800) and bladder (27,000). 

The specific approach used to treat cancer depends on the specific type, location and disease stage. 

There are several fundamental techniques available to treat cancer, including surgery, radiation 

therapy, immunological treatments and chemical-based approaches6. Each of these possibilities has 

specific characteristics; generally, a combination of these methods are clinically used in order to 

reduce the side effect. 

In most therapeutic approaches the cancer treatment presents a chemical component. 

Cancer chemotherapeutic agents are used for a wide range of purposes7. The intent of their 

administration may be to cure specific cancer, reduce the size of a tumour prior to surgery, sensitize 

the tumour to radiation therapy or to destroy microscopic metastases after the tumour is surgically 

removed. Chemotherapeutic agents are complementary to either surgery or radiation therapy8. 

Moreover, they are useful, in particular, for the elimination of small tumours.  

Drugs are less used for larger tumours because these types of tumours are not well perfused by 

blood. The requirements for successful antineoplastic drugs are not yet fully realized due to the 

small difference between cancer and normal, according to current knowledge. Unfortunately, drugs 
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without side effects do not exist yet. The main side effects of anticancer chemotherapy are hair 

loss, depression of the immune system, nausea and diarrhoea9. This is due to the fact that hair cells, 

bone marrow cells and cells lining the gastrointestinal tract are rapidly proliferating. These side 

effects of the anticancer chemotherapy are the consequence of the lack of the selectivity of the 

agents for normal versus malignant cells. 

Before the eighties, research programs on anticancer had as a target almost only DNA synthesis 

and cellular replication named as alkylating agents, compounds able to destabilize microtubules 

that showed their efficacy against tumour cells, but the lack of selectivity cause higher toxicity for 

the normal cells10. In the last decades, researchers are shifted from cytotoxic chemotherapy to 

targeted therapy, in which drugs are developed towards a defined target, characteristic of a given 

tumour cell. For instance, we can talk about ‘Imatinib’, a tyrosine kinase inhibitor (a subclass of 

protein kinase inhibitors essential in most intracellular pathways) which is used in chronic myeloid 

leukaemia11. Imatinib is able to control the disease and has little effect on normal cells. This is the 

first one of this class; starting from this other tyrosine kinase inhibitors12 have been developed and 

commercialized (for instance, Nilotinib and Dasatinib) and others are in preclinical and clinical 

phase5 (Figure 1). 

 

Figure 1. Tyrosine kinase inhibitors. 

 

Another development in targeted anticancer therapy is the increasing use of monoclonal 

antibodies13. An interesting novel strategy, considering the high capacity of an antibody to bind 

specifically just its own target. Although monoclonal antibodies have been around for decades, 

they were derived from mice and did not function particularly well when administered to humans, 

causing allergic reactions and being rapidly removed from circulation. "Humanization" of these 

antibodies (genetically transforming them to be as similar to a human antibody as possible) has 

allowed the creation of a new family of highly effective humanized monoclonal antibodies. 

Trastuzumab, a drug used to treat breast cancer, is an example.  
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Many cellular processes depend upon enzymatic reactions. Protein-protein interactions (PPIs) 

mediate many important regulatory pathways and thus play a central role in disease development14–

16. Instead of targeting the active (catalytic) site of the enzymes, a new approach for the modulation 

of enzyme activity targets the sites involved in PPIs. Consequently, the synthesis of small 

molecules as PPIs inhibitors are becoming a new important strategy for the development of new 

anticancer chemotherapeutic drugs.  

PPIs need to involve a large surface area of protein, and differently from the catalytic site of the 

protein, there is not a specific and deep task in which molecules can fit. Therefore, the affinity is 

often reached by several weak interactions. In addition, the drug molecules required will be more 

rigidly complex in a structural sense and contain the complexity necessary to interact favourably 

with residues in binding sites to fill more completely the available space in the site and to prevent 

target protein flexing17. Thus, it is difficult to obtain new drug-like compounds that obey to the 

Lipinski “rules of five”18,19. 

In conclusion, chronologically and functionally we can divide chemotherapeutic anticancer drugs 

into two groups: cytotoxic drugs and targeted therapy. The first one is the result of the first big 

effort of the scientific community during the period 1940-70. It includes drugs that able to inhibit 

or prevents the function of cells. The latter is a type of medication that blocks the growth of cancer 

cells by interfering with specific targeted molecules needed for carcinogenesis and tumour growth, 

rather than by simply interfering with all rapidly dividing cells. In particular, there are tyrosine 

kinase inhibitors, monoclonal antibodies, epigenetic drugs, proteasome inhibitors and PPIs. 

Targeted cancer therapies are expected to be more effective than current treatments and less 

harmful to normal cells. 

 

1.2  Ovarian cancer 

Ovarian cancer (OC) is the eighth most common cancer in women worldwide with 300,000 new 

cases diagnosed in 201820. 

Its mortality rate is the first in the female reproductive system tumours. It’s diagnosed in a quarter 

of a million women globally and is responsible for 140,000 deaths each year.  

Ovarian cancer is characterised by a lack of awareness of symptoms at the early stages and patients 

present it for more than six months before diagnosis so that it has the lowest survival rate of all 

gynaecological cancers21. The five-year survival rate ranges from approximately 30 to 50 per 

cent20.  

The countries with the highest incidence of ovarian cancer are Europe and Northern America, 

while the lowest incidence was in Africa and Asia. In Italy, ovarian cancer is more diffused. 80-

90% of ovarian cancers affect women between 20 and 65 years old and less of 5% in paediatric 

age. In most cases are benign tumours and 60% of them are diagnosed in under 40 years old 
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women. The 15-20% of ovarian tumours are malicious and 90% of these are diagnosed in women 

over 40 years old. Finally, 5% have intermediate gravity and are most common in young women22. 

Even in this disease, developing cancer leads to a consistent reduction in life expectancy compared 

to the general population, and this is well evident up to the oldest age groups; the reduction in life 

expectancy is less marked in younger women, in consideration of the better prognosis. 

 

The first line for the treatment of ovarian cancer is surgery. After this, chemotherapy is the best 

adjuvant treatment, based on a combination of carboplatin and paclitaxel drugs23. Cisplatin and 

platinum analogue are currently the most active chemotherapeutic agent against ovarian cancer 

(Figure 2).  

 

Carboplatin 

  

Cisplatin  

Cyclophosphamide 

 

Paclitaxel 

 

Docetaxel 

Figure 2. The most active chemotherapeutic agent against ovarian cancer 

 

Discovered in 1961 and approved by the FDA in 1978, cisplatin has been used in the years as first-

line therapy for several solid cancers, including testicular, ovarian, cervical, head, and neck and 

small-cell lung cancers, either alone or in combination with other anticancer agents24. These drugs 

interfere with DNA replication, forming interstrand and intrastrand crosslinks, which kills the 

fastest proliferating cells, like carcinogenic cells.  

To improve survival, the therapy studies continue to be the focus on the development of more 

effective systemic therapies, based on the combination of cyclophosphamide or paclitaxel and a 

platinum compound, such as cisplatin or carboplatin. More recently also targeted therapy and 

immunotherapy as a single agent or in combinations have been evaluated23,25.  
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The use of drug combinations is due to the occurrence of resistant cancer cell populations that 

caused the limitation of the efficacy of platinum drugs26. Cisplatin therapy success is compromised 

because of severe multiorgan toxicities as well as resistance by tumour cells to cisplatin27.  

The second most important class of cytotoxic agents are the taxane class. Paclitaxel is the standard 

taxane used in ovarian cancer, but also Docetaxel was as effective as Paclitaxel with less toxicity 

(Figure 2). Paclitaxel is associated with a greater incidence of hypersensitivity reactions and dose-

limiting peripheral neuropathy, Docetaxel is more myelosuppressive, which can be problematic in 

combination with carboplatin6. Both paclitaxel and docetaxel act binding to intracellular β-tubulin, 

which leads to microtubule stabilization, G2–M arrest and apoptosis21, via both p53-dependent and 

-independent pathways 26,28. 

 

1.2.1. Cisplatin resistance and cross-resistance  

The acquired resistance is a real problem, tumours may become resistant also to other drugs with 

different mechanisms of action29. 

The cisplatin resistance mechanism is characterized by an increase in gene expression for DNA 

repair enzyme and other enzymes necessary for the synthesis of thymidines, such as thymidylate 

synthase and dihydrofolate reductase, required for DNA turnover. Furthermore, cellular resistance 

to platinum compounds can be due to limiting the formation of cytotoxic platinum-DNA adducts 

and preventing cell death after platinum-DNA adduct formation30.  

The limitation formation of platinum-DNA adducts is related to a reduced intracellular 

accumulation of cisplatin due to the low influx, high efflux and/or drug sequestration in cellular 

compartments. For example, the alterations in drug influx and efflux could be due to cell-

membrane transport proteins such as P-glycoprotein (PGP), multidrug-resistance protein (MRP) 

and lung-resistance protein (LRP), members of the ABC (adenosine triphosphate-binding cassette) 

transporter proteins31.  

Another mechanism that decreases the intracellular drug accumulation is the intracellular cisplatin 

inactivation by glutathione (GSH). GSH, the most abundant intracellular thiol source contributes to 

detoxifying cells from many toxins including cisplatin and its analogues. The intracellular 

concentration of cisplatin can be converted into cisplatin-thiol conjugates by GSH-S transferase, 

the inactive conjugates drug form.  

After platinum-DNA adduct formation, cells may prevent death by activating mechanisms to repair 

the damage. In effect, an efficient DNA repair apparatus has been reported on cisplatin-resistant 

cell lines, in this way a capacity to repair DNA damage quickly and efficiently plays a role in 

determining a tumour cell sensitivity to platinum drugs32,33. 

Moreover, tumour microenvironment can modulate tumour-cell drug sensitivity. Hypoxia and 

Reacting Oxygen Species (ROS) are two factors with opposite effects on the radioresponse of 
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tumour: hypoxia is considered to be the most important cause of clinical radioresistance, while 

ROS is recognized as the primary cause of radiation-induced cell death 

These events are related to a reduction of cycling cells number because more cells arrest in G0 

following hypoxic stress diminished generation of free radicals, enhanced drug detoxification, 

increased genomic instability, and/or HIF1 (hypoxia-inducible factor 1)-mediated transcriptional 

activation of survival signals and inhibition of apoptosis.  

Platinum drug resistance leads to TS protein overexpression due to the alteration of DNA 

functions. This phenomenon is named “cross-resistance” because it is indirectly induced by non-

directed TS inhibitors. TS level increase may suggest that a second-line treatment based on anti-

TS drugs may be useful.  

Even if hTS is not considered a first-line therapy in OC treatment, allosteric TS-targeting drugs can 

be used in combination to prevent cross-resistance development or to reduce high TS levels in 

platinum drug-resistant OC34. 

Thymidylate synthase is a target of cytotoxic drugs, but it can also be seen important from the 

targeted therapy point of view, due to its central role in thymidylate synthesis, an essential building 

block for DNA replication and reparation. Considering either the side effects given by thymine 

analogue drugs or its essential role in the DNA biosynthesis pathway, there have been studies in 

order to identify a new potential mechanism of actions for this enzyme. The new mechanism 

should  

1.3. Thymidylate Synthase (TS) 

Thymidylate synthase (TS) is a highly conserved enzyme. It is essential for cell survival because it 

catalyses the methylation reaction that provides the only de novo source of thymidylate, required 

for DNA synthesis and repair26 (Figure 3).  

Considering either the side effects given by thymine analogue drugs and its essential role in the 

DNA biosynthesis pathway, there have been studies in order to identify new potential compounds 

targeting this enzyme, for the development of new chemotherapy drugs. Our approach, explained 

below, aims at the reduction of hTS level, leading to the discovery of new compounds able to 

overcome the drug resistance development and reinstate the efficacy of the clinical drugs that 

induce the overexpression of the enzyme. 
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Figure 3. Folate pathway scheme. 

 

1.3.1. Thymidylate synthase structure 

TS is a homodimer protein with a molecular weight of 74 kDa formed by two identical monomers 

disposed symmetrically but turned of 180° each other (Figure 4a)35. 
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Figure 4. a Thymidylate synthase dimeric structure. 

 

 
Figure 4b. Structural details of the monomeric structures at dimeric interface. The main amino acids residues (shown in 

blue) of hTS subunit which interacts with those of other hTS monomeric subunit (not shown here). The proper formation 

of the dimer interface is important as it enables by the Arg175 and Arg176 (shown in red) residues from one monomer to 

contribute to the formation of the active site of the other monomer where they interact with the phosphate group of 

dUMP thereby contributing to its stabilization in the active site (PBD ID: 6RDE). 

 

The primary structures of about 30 TS enzymes are known, including those of humans, 

bacteriophages, and plants. The primary structure is highly conserved: approximately 27 amino 

acids are completely conserved, and 165 (80%) are conserved in more than 60% of the organisms. 

In particular, the topological active site of dUMP is formed by 32 amino acids, of which 16 are 

conserved35. 
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Each monomer consists of 316 amino acids and it is characterized by two domains: the conserved 

domain (1-98 and 130-313 residues) and the variable one (99-129 residues).  

The conserved domain represents the dimer interface and is characterized by the N-terminus region 

that has been suggested to play a role for protein stability and active-inactive equilibria 

conformation. This domain is composed of six-stranded β-sheet (25 residues) leaning against the 

same sheet like as the other monomer (Figure 4b).   

TS present two active sites, that are formed by residues from both monomers. Each site is formed 

by residues of only one monomer except for two arginine residues from the second monomer that 

participate in the binding of the phosphate group in the first monomer. Furthermore, two other 

regions, 99-129 and 144-158, whose conformations differ in the active and the inactive states, 

participate in the closure of the active site upon ternary complex formation.  

In the active site is located a Cys195 residue that reacts with a nucleophilic reaction with the C6 of 

2‘-deoxyuridine-5’-monophosphate (dUMP), forming a covalent complex. Others amino acids are 

involved and form hydrogen bond such as Asn226 and Asp118 that bind the uracil ring and His256 

and Ty258 that bind the ribose34,36,37. 

The homodimer can adopt active or inactive forms. They diverge for the conformation of the loop 

formed by residues from 181 to 197, that contains the Cys195 responsible for catalytic action. This 

loop points to the active site in the active conformation and toward dimer interface in the inactive 

form. 

In the active conformation, the catalytic Cys195 lies inside the active site and the enzyme can 

interact with its physiological substrates, dUMP and mTHF, or its substrate-mimicking inhibitors. 

In the inactive form, Cys195 is no longer directed into the active site and available for substrate 

binding38,39, due to the catalytic loop twisted.  
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1.3.2. Catalytic function 

TS is a folate-dependant homodimeric protein with subcellular location on the nucleus, cytoplasm, 

mitochondrial matrix and inner membrane.  

Thymidylate Synthase catalyzes the reductive methylation of 2’-deoxyuridine-5’-monophosphate 

(dUMP) to 2’-deoxythymidine-5’-monophosphate (dTMP), using 5,10-methylenetetrahydrofolate 

(5,10-methylene THF) as the one-carbon methyl donor, which is converted into dihydrofolate 

(DHF). Subsequently, DHF is reconverted to 5,10-methyleneTHF in two different steps; the first 

one catalyzed by dihydrofolate reductase (DHFR), that reduces dihydrofolic acid to tetrahydrofolic 

acid (THF) using NADPH as electron donor; the subsequent methylation of THF to 5,10-

methyleneTHF is catalyzed by serine hydroxymethyltransferase pyridoxal phosphate (SHMT-

PLP). dTMP is then phosphorylated by two successive steps to dTTP, a substrate of DNA 

polymerase, used for DNA replication and repair36 (Figure 5). 

 

 

Figure 5. Chemical representation of TS function for the transformation of dUMP to dTMP and the other enzymes 

involved in this cycle. 

 

The fundamental cofactor for the reaction is 5-methyltetrahydrofolate (mTHF) that acts as a donor 

of one-carbon units to the methionine cycle, in a methylation reaction36,37. The catalytic function 

begins with a reaction between TS and dUMP, which leads to the formation of the non-covalent 

binary complex. Then, with the addition of the cofactor mTHF, a ternary complex (TS-dUMP-

cofactor) is rapidly formed. Finally, TS is protonated in position 10, converting the inactive form to 

the active one and the ternary complex becomes the covalent ternary complex.  

The reaction starts when the thiol from the catalytic pocket (Cys-195) of TS gives a nucleophilic 

attack on C6 of the uracil ring of dUMP. This formed a Michael-type adduct and using the carbon 

unit of the cofactor take to place an electrophilic attack on C5 of dUMP trans with respect to Cys-

195. The methylene group is reduced to a methyl group through hydride transfer from C6 of the 

cofactor, which is oxidized at the N5-C6 bond. In conclusion, the thiol group undergoes β-
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elimination to reinstate the double bond and afford the reaction product, dTMP and the 

regeneration of the enzyme36 (Figure 6). 

 

Figure 6. Thymidylate synthase catalytic mechanism, more than one mechanism has been proposed. Imagine take 

from our paper, reference 10. 

 

It has been shown that TS inhibition caused a drastic reduction in cell survival, because of toxic 

thymineless state in actively dividing cells. This cytotoxicity is probably due to DNA 

fragmentation resulting from dTTP depletion, which leads to misincorporation of 2’-deoxyuridine-

5’-triphosphate (dUTP). This is followed by reductive methylation at the C5 position of dUMP by 

CH4THF in which the reducing hydrogen is provided by the 6-position of the folate’s pyrazine ring, 

giving rise to the dTMP acid, dihydrofolate and the regenerated enzyme (Figure 6). 

This pathway is the only intracellular de novo source of dTTP. As a result, a good function process 

is fundamental to cell life. For these reasons, hTS represents a critical target in cancer 

chemotherapy. In fact, the transformation of dUMP to dTMP is a key step in DNA biosynthesis, 

the only de novo pathway to dTMP synthesis. TS is present in almost all living organisms 

including bacteria, DNA viruses and protozoa, and is one of the most conserved enzymes known in 

the evolutionary scale40. 
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1.3.3. Auto regulatory function 

hTS is an mRNA binding protein which auto-regulates its own levels41. By mRNA binding, it may 

act to coordinate and regulate cellular expression of several genes inducing a critical regulator of 

several key aspects of cell cycle control, including apoptosis and chemosensitivity42. 

TS was observed to bind its own mRNA trough residues within the interface region, a behaviour 

proposed to act as a feedback inhibition mechanism that regulates TS levels43. Also, the native 

protein has been reported to bind several other mRNAs such as p53 and c-myc. 

The autoregulation of the TS translational efficiency has been shown to occur through the high-

affinity interaction (1–3 nM) of the TS protein with either or both of the two cis-acting elements on 

its cognate mRNA. In vitro and in vivo studies have shown that each site could function 

independently on the other. However, both elements are required for the complete translational 

autoregulatory effects of TS.  

There is growing evidence that the RNA-binding activity of TS is affected by its state of ligand 

occupancy. When TS is active-site ligands free, the RNA-binding activity is maximal, resulting in 

translational repression of TSmRNA44. However, when TS is bound to either of its physiologic 

substrates or to substrate-analogue inhibitors the in vitro binding of TS to TS mRNA is reduced, 

and so is the repression by TS of TSmRNA translation38,44 with a feedback regulatory mechanism 

and/or to the increased stability to intracellular degradation of TS-drug complexes (versus 

unliganded TS). The net effect of ligand binding is an abrogation of translational repression, which 

results in the synthesis of new TS protein44.  

Whereas such feedback regulation of translation is common in bacteria, the TS system represents 

the first known example of translational autoregulation in humans43. 

As a critical chemotherapeutic target, the intracellular levels of TS are fundamental for the 

determination of TS inhibitors sensitivity. TS expression levels reduction might be beneficial 

during cancer therapy with TS-inhibiting drugs able to maintain the binding protein to its mRNA in 

order to avoid hTS overexpression. Compounds that stabilize the TS binding RNA motif (and the 

active conformation of TS), and thereby inhibit ribosomal initiation, might be used in combination 

with existing TS-targeting drugs to overcome tumour resistance development during 

chemotherapy45,46.  
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1.3.3.1. Monomer-dimer equilibrium 

The characterization of the monomer-dimer equilibrium to describe the cellular roles of the two 

different protein forms it is fundamental for understanding the protein function and the 

development of new drugs with a novel mechanism of action.  

hTS can be simple represent in three different extreme forms in our cells (Figure 7): active 

homodimer (AAa), monomer (Ar) and homodimer bound to its substrate or TS inhibitors (AAb).  

 

 

Figure 7. Schematic representation of TS’s different situations; a) Physiological conditions, where the equilibrium 

between AAa and Ar is strongly favourite for the dimeric form. b) Presence of inhibitor/substrate. AA: homodimer, 

a=active, b=bonded; A: monomer, r= regulatory function. A greater concentration of AAb (homodimer bonded) induce a 

major concentration of AAa (homodimer active) that decrease the regulation expression function that means hTS 

overexpression.  

In the active homodimer conformation (AAa), TS conducts its catalytic role, catalysing the reaction 

of reductive methylation to obtain dTMP.  

After all, in the monomeric state (Ar) TS do not exert a catalytic role, but its regulatory function. 

The protein binds its own and another mRNA, acting as a translational repressor.  

At last, TS could be like homodimer that is bound to its substrates or TS inhibitors (AAb) and in 

this case, TS has neither catalytic nor regulatory function.  

In a physiological environment, the three forms are in equilibrium and the main form detected are 

AAa/b. When antimetabolites inhibit TS, this equilibrium is perturbed: the dimer-monomer 

equilibrium is shifted in favour of the dimeric form.  

Consequently, less and less monomer form is present to balance the inhibition of the 

antimetabolites and, as a result, there is an overexpression of the TS enzyme42. 

An increased translation of TS, that often means over-expression of the protein, leads to an increase 

of the mutation opportunities and more possibility to give drug resistance. The regulatory function 

of hTS has been shown to be maximal when the protein is ligand-free. This fact, together with the 

increased levels of hTS show with the treatment of cancer cells with anti-hTS drugs, led to think 

that the overexpression of hTS is correlated with the loss of RNA regulatory capacity when the 

protein is bound to its inhibitors34. 
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1.3.4. Anti-metabolite drugs 

The principal chemotherapeutic drugs against hTS enzyme are called anti-metabolite drugs. Based 

on the chemical structure features, they are divided into folate, pyrimidine or purine analogues. 

They were among the first effective chemotherapeutic agents discovered and have similar 

structures as naturally occurring molecules used in nucleic acid (DNA and RNA) synthesis. 

Antimetabolites are similar to chemicals needed for normal biochemical activity but with different 

biological effect. Generally, antimetabolites induce cell death during the S phase of cell growth 

when incorporated into RNA and DNA or inhibit enzymes needed for nucleic acid production. 

These agents are used for a variety of cancer therapies including leukaemia, breast, ovarian and 

gastrointestinal cancers. 

Charles Heidelberger, who had earlier found that fluorine in fluoroacetic acid inhibited a vital 

enzyme, asked Robert Duschinsky and Robert Schnitzer at Hoffmann-La Roche to synthesize 

fluorouracil. The original 1957 report in Nature reported the first clinical findings of 5-FU's activity 

in cancer in humans47. This compound is the first in the class of fluoropyrimidines history.  

5-FU is a pyrimidine base containing a fluorine atom at the 5-carbon position on the ring. It is a 

prodrug similar in structure to uracil, which is converted to two active metabolites 

(Fluorodeoxyuridylate-FdUMP and 5-fluoro-uridine triphosphate-FUTP) that inhibit the activity of 

the enzyme thymidylate synthase. The enzyme normally converts uracil to thymidine by adding a 

methyl group at the fifth carbon of the pyrimidine ring. 5-FU mimics the natural base and functions 

to inhibit DNA synthesis. The carbon group cannot be added because of the presence of the 

fluorine atom at the five position, and normal DNA synthesis fails. Moreover, dUTP and FdUTP 

are incorporated into DNA so that they cannot function normally. In addition, FUTP is 

incorporated into RNA leading to faulty translation of the RNA. Thus, the synthesis of multiple 

forms of RNA (messenger, ribosomal, transfer and small nuclear RNAs) is blocked. These 

combined actions on DNA and RNA are cytotoxic to the rapidly dividing cancer cells. Other 

examples of pyrimidine analogues are arabinosylcytosine, capecitabine, gemcitabine and decitabine 

(Figure 8).  
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Figure 8. 5-fluorouracil and pyrimidine analogues. 

 

Arabinosylcytosine or cytarabine is a deoxycytidine base compound that is converted to its active 

metabolite, ara-CTP48. This base is incorporated into DNA and causes strand termination and 

inhibition of the tumour growth. Capecitabine is an oral 5-FU prodrug. 

In 1948, a folate antagonist aminopterin was found effective in childhood leukaemia19. Nowadays, 

the most used folate antagonist is Methotrexate (MTX). It binds to the enzyme Dihydrofolate 

reductase (DHFR) reversibly and inactivates it. This prevents the methylation and decreases 

available supplies of purine and thymidine bases, necessary for new DNA and RNA synthesis. It is 

active in the S phase of cell growth. Methotrexate remains the primary folate antagonist used today, 

even though other analogues have been produced. It is effective in many malignancies, such as 

breast, head and neck, colorectal, non-Hodgkin’s lymphomas, osteosarcoma, bladder and 

choriocarcinoma. It is also used in acute lymphocytic leukaemia, and some types of meningeal 

carcinomas.  

The main problems linked to these compounds are low selectivity, multiple targets of action, high 

toxicity, and development of resistance. Another important folate antagonist, effective in the 

treatment of mesothelioma and non-small cell lung cancer, is pemetrexed49; it acts like 

methotrexate (Figure 9). 
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Figure 9. Antifolate analogues. 

 

1.3.5. Drug Resistance 

The TS-targeting drugs in therapy are inhibitors that bind at catalytic site and stabilizing the active 

conformation and generally resemble either the substrate 2'-deoxyuridine-5'-monophosphate 

(dUMP), being classified as dUMP binding-site inhibitors or the cofactor 5,10-methylene-5,6,7,8,-

tetrahydrofolate (mTHF), named folate binding-site inhibitors. The main drawback of these 

therapies is related to drug toxicity and resistance development, a phenomenon due to multiple 

effects but often related to overexpression of TS and some folate-related proteins50. In medicinal 

chemistry, the drug resistance development could be divided into two principal types, based on 

chemical drug structure in resistance to fluoropyrimidines and resistance to TS-targeting antifolates 

1.3.5.1. Resistance to fluoropyrimidines 

• Increased levels of TS. TS overexpression is the major molecular determinant of 5-FU 

resistance. 5-FU treatment initially decreased TS levels, but this was followed by induction, as 

seen with an increased ratio of TS protein over TS-mRNA. TS protein exerts a precise auto-

regulatory way over its own synthesis during the cell cycle by binding to its TS mRNA, 

thereby achieving translational autoregulation43. TS ligands, including inhibitors such as the 

active form of 5-FU, FdUMP, disrupt the formation of TS mRNA-protein complex and restore 

translational efficiency of the mRNA37. FdUMP inhibits TS due to formation of a covalent 

complex containing the co-substrate mTHF and the enzyme36. This complex, denominate 

inhibitory ternary complex, is quite stable and leads to prolonged inhibition of the enzyme, 

depletion of dTMP pools, and thymineless death. However, this mechanism induces 

translational derepression and enzyme up-regulation by about 2–5-fold37. The higher 

concentration of mTHF determine the stability of the ternary complex and in its absence or of 

one of its polyglutamates, FdUMP forms an unstable binary complex and displays a low 

inhibition51.  

TS turnover is carried out by the 26S proteasome in a ubiquitin-independent manner48 and 

ligand binding to the TS protein leads to notable conformational changes which account for the 

stabilization of the enzyme and an increase in its half-life and intracellular levels. 

Consequently, treatment with 5-FU causes a remarkable slowing TS degradation rate in both 
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human colon tumour and ovarian cell lines. Most of the protein being involved in the formation 

of the ternary complex given major complex stability respect the degradation52. More recently, 

it has been shown that three independent regulatory phenomena, constitutive TS mRNA 

transcription, cell cycle-induced TS regulation and TS enzyme stability, are key mechanisms 

that occur in a precise order for the 5-FU-induced upregulation of TS expression in two ovarian 

cancer cell lines53. 

 

Additional mechanisms of resistance to 5-FU are determined with the following pathways: 

• Increased activity of thymidine kinase (TK)54 

• Decreased levels of uridine monophosphate kinase (UMPK) and orotate phosphoribosyl 

transferase (OPRT). The increased expression of UMPK was associated with the 

restoration of the sensitivity to 5-FU55. Decreased expression of UMPK presumably leads 

to decreased formation of FdUMP, hence causing a reduced or transient inhibition of TS, 

especially under the normally low folate concentrations in human tumours. 

• Thymidine phosphorylase (TP) and dihydropyrimidine dehydrogenase (DPD) levels. These 

enzymes were shown to be involved in resistance to activated Capecitabine products. This 

orally available fluoropyrimidine carbamate was rationally designed to generate 5-FU 

preferentially in tumour tissue and to mimic continuous infusion of 5-FU by the action of 

enzymes including TP in tumours. Capecitabine is used in colon, gastric, breast and 

pancreatic cancers and is the most evaluated agent in metastatic breast cancer patients 

previously treated with taxanes56. Increased TP levels would result in increased 

intratumoral 5-FU levels, thereby enhancing the cytotoxic activity of capecitabine in 

colorectal tumours57. 5-FU resistance may also be the consequence of increased catabolism 

of 5-FU due to elevated activity of dihydropyrimidine dehydrogenase (DPD), the rate-

limiting enzyme in the metabolism of pyrimidine bases. This correlation is supported by 

studies showing that tumours with low DPD levels could be sensitive to 5-FU. However 

low DPD levels may increase the toxicity risk due to 5-FU accumulation. 

• Cellular transport mechanisms. Increased expression of the metabotropic glutamate 

receptor 4 (mGluR)58, and intracellular adhesion mediated by E-cadherin (E-cad)59 render 

cells less responsive to 5-FU60. 

• Role of multidrug efflux pumps in cancer resistance to fluoropyrimidines44  

• DNA and RNA misincorporation61–63 

• Metabolic pathways64,65 and Cell cycle regulation and apoptosis66,67 
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1.3.5.2. Resistance to TS-targeting antifolates 

• Overexpression of TS. One of the major molecular mechanism resistances to TS-targeted 

antifolates includes TS overexpression, which can be due to gene amplification, polymorphism, 

and TS mutations that decrease its affinity towards the antifolate. TS gene amplification has 

been also implicated in the acquisition of resistance to different antifolates including 

raltitrexed68 and PMX48.  

• Alterations of base-excision repair machinery. TS inhibitors are based on the fast depletion of 

TMP pools accompanied by the depletion of TTP, which in turn induces perturbations in the 

levels of other deoxynucleoside triphosphates (dNTP) through a feedback mechanism69. These 

cellular imbalances of dNTP pools are involved in cell-cycle arrest and DNA damage. 

Moreover, inhibition of TS leads to accumulation of dUMP, which, after sequential 

phosphorylation by kinases, can increase the levels of deoxyuridine triphosphate (dUTP)70. 

Since DNA polymerases use as a substrate dUTP and TTP with equal efficiency, an excess of 

dUTP leads to an increased level of uracil misincorporation into DNA, with consequent 

disruption of DNA synthesis71.  

• Decreased cellular uptake of antifolates. The new generation of antifolates like as raltitrexed 

and pralatrexate are transported into cells primarily by reduced folate carrier (RFC)72. RFC as a 

dominant transporter of antifolates into cells, its reduced expression and/or impaired transport 

function is determinant of antifolate resistance. RFC multiple mutations have been shown to 

impair its transport efficacy and the majority of which mapped to hydrophobic transmembrane 

domains (TMDs)73,74. Another novel mechanism that was shown to be involved in decreased 

RFC expression consists of the alterations in transcription factor activity that normally regulate 

RFC gene expression. Human leukaemia cell lines known to be insensitive to different 

antifolates highlight multiple alterations in the transcription factor activity known to be 

involved in the regulation of RFC expression75.  

• Impaired polyglutamation of antifolates. Polyglutamation of antifolates is a key determinant of 

antifolate activity, alterations in this biochemical transformation lead to decreased potency and 

retention of the antifolates. A recent study showed that decreased Folylpolyglutamate synthase 

(FPGS) activity in several tumour cell lines is one of the most prominent mechanisms of 

resistance to polyglutamation-dependent novel antifolates upon a high-dose intermittent 

exposure schedule76,77. Pralatrexate, the recent antifolate that has been rationally designed to 

improve the affinity for FPGS, undergoes rapid polyglutamation with improved cellular 

retention and greater antitumor activity when compared with MTX78. This important finding 

highlighted a potentially promising treatment strategy to overcome FPGS-based antifolate 

resistance79.  
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• Increased expression of the lysosomal enzyme γ-glutamyl hydrolase (GGH). GGH is a 

lysosomal enzyme that acts as endo- and/or exo-peptidase to cleave γ-polyglutamate chains 

attached to folates and antifolates after they enter cells80,81.  

1.4. Overcoming TS-Targeting Drug Resistance 

hTS inhibitors result in acute induction of TS expression leads to the development of cellular drug 

resistance to TS inhibitors. The continuous search of a new drug or new combinations is needed 

due to the acquired resistance.  

As previously said, two regulatory processes that mediate the acute induction of TS expression are 

ì) increased translation of TS mRNA and ìì) enhanced stability of the TS protein. Some innovative 

strategies to avoid these mechanisms of resistance and thereby restoring chemosensitivity to TS-

targeted inhibitors have been addressed. At the same time, a considerable interest in the 

identification of novel inhibitors is present that could replace the substrate or co-factor analogues 

classically used in therapy82,83.  

Regarding mechanism ì), the combination therapy offers a good strategy to overcome this problem, 

where the TS-targeting drug is combined with a drug targeting other pathways. In particular, novel 

strategies against 5-FU resistance are the inhibition of multidrug resistance pumps (MDR pumps) 

by compounds, such as the Tyroservaltide (YSV) tripeptide that showed to enhance 5-FU 

cytotoxicity in resistant cancer cells84. A novel deoxyuridine 5′-triphosphate nucleotidohydrolase 

(dUTPase) inhibitor, TAS-114, in combination with fluoropyrimidine therapy, showed an increased 

efficacy of TS inhibitors82. Base Excision Repair (BER) mechanism is largely involved in TS 

inhibitors drug resistance, and active BER inhibitor, named methoxyamine (MX), has been 

developed blocking the abasic sites (apurinic/apyrimidinic - AP sites) created by the cleavage of 

base excision repair (BER) glycoslyates85 (Figure 10). 

 

 

Figure 10. Novel drugs used in combination with hTS inhibitors. 

 

Regarding mechanism ìì) protein-protein interaction inhibitors targeting the dimeric assembly 

represents a unique strategy halting TS mRNA translation and hTS degradation. 

This topic related to protein-protein interaction inhibition deserves a separate section, 1.4.1.  
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1.4.1. PPIs outside the rule of Five (Targeting the undruggable space) 

The historical definition of druggable targets has been continually evolving. It originally referred to 

any therapeutic protein target that could be modulated with small, orally available molecules86.  

 

1.4.1.1. PPIs, Rule of Five (RoF) and molecular properties. 

Small organic molecules are well suited for oral administration because of their stability in the 

digestive tract and their absorption characteristics. Moreover, they can enter the circulatory system 

by passively diffusing across the epithelial cells that line the stomach and intestines obtaining the 

ability to enter cells and modulate the functions of specific targets. For decades, the pharmaceutical 

industry has been dominated by small-molecule drugs. 

In 1997, Lipinski et al. investigated the existing database of successful small molecule drug 

candidates in the clinic and developed a guideline, known as the ‘rule of 5’ (RoF), to predict and 

reduce the risk of inadequate oral absorption due to poor solubility or permeability87, by favouring 

compounds with: 

• Logarithm of the octanol\water partition coefficient (logP) < 5  

• Molecular weight (MW) < 500 

• Number of Hydrogen bond donors (HBD) < 5 

• Number of Hydrogen bond acceptors (HBA) < 10 

 

His analysis was done partly in response to the drug development and implementation of 

combinatorial synthesis and high-throughput screening (HTS), which sometimes led to a bias 

selection of molecules with increased lipophilicity that were prone to displaying poor 

pharmacokinetic (PK) parameters. The drugs like as: antibiotics, antifungals, vitamins, and cardiac 

glycosides, which are often natural products, fell outside the “rule of 5”88.  

Along with the “rule of 5” various empirical criteria89
 have been applied to the small molecule drug 

space for more than a decade and have successfully reduced the prevalence of drug candidate 

attrition due to poor PK estimation in computational chemistry.  

Many alternative rules have been proposed relating compound properties such as polar surface area 

(PSA) and the number of rotatable bonds (ROTB) to oral bioavailability. Veber investigated a 

dataset of 1100 compounds with rat oral bioavailability data and found that those with ROTB of 

less than 10 and PSA less than 100 Å2 had a higher probability of achieving oral bioavailability 

greater than 20%89. However, this approach, in the same way of RoF, was demonstrated from the 

different effort that the values of these cut-offs depended on the method used for the calculation of 

ROTB and PSA90. 

Drug-like properties and their associated rules have several strengths that have led to their 

popularity. However, several weaknesses underlie this apparent simplicity. Principally, RoF for 
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“drug-like” properties can be applied only to the specific objective for which they were derived. 

The RoF is related only to the oral absorption but the rules governing compounds for other 

administration routes such as inhalation or topical application are quite different; in these contexts, 

applying the RoF is likely to reject perfectly reasonable compounds91. 

In addition, the simple molecular properties which form the basis of the rules for ‘drug-likeness’ 

are only weakly predictive of a compound’s ultimate biological properties so not for almost all 

clinical drug. Given this, applying these rules as hard ‘cut-offs,’ or filters runs the risk of missing 

valuable opportunities. For example, does a compound an MW of 501 have a significantly greater 

risk than a compound with MW of 499?  

However, being “similar” to know drugs does not necessarily mean that a compound will have a 

better chance of becoming a drug than any other compound synthesised in the course of a drug 

discovery project. 

To overcome the problem of hard cut-offs and replace this with a continuous scale, by which 

chemistries can be ranked according to their drug-likeness, was recently published92. The 

Quantitative Estimate of Drug-likeness (QED) relates the similarity of a compound’s properties to 

those of oral drugs based on eight commonly used molecular properties: MW, logP, HBD, HBA, 

PSA, ROTB, AROM and count of alerts for undesirable substructures (ALERT). 

The QED based the method for multi-parameter optimisation known as “desirability functions”. A 

desirability function relates the value of a compound characteristic to the ‘desirability’ of that 

outcome. Desirability is a number between zero and one, where a value of one indicates that the 

outcome is ideal and a value of zero indicates that the outcome is completely unacceptable. 

However, as discussed above, a compound with a similar value of a property to known drugs does 

not necessarily have a higher chance of being a drug; some properties have more importance in 

distinguishing drugs from non-drugs and it is necessary to compare the properties of drugs and 

non-drugs to determine this. The properties that make drugs different from other compounds that 

might be considered in the course of a drug discovery project than the properties that drugs have in 

common. Bayesian probability theory allows pipeline drug achievement to approach this question 

in a quantitative manner by comparing the distribution of properties of drugs with those of non-

drugs. 

In QED method the properties that provide the greatest ability to distinguish between the drugs and 

non-drugs are MW, PSA and ROTB, as indicated by the high values of the desirability functions 

for some values of these properties; in some cases, indicating an enhancement in the relative 

likelihood of greater than two. Similarly, very low relative likelihoods indicate property values that 

correspond to a high risk of failing to achieve acceptable bioavailability after oral administration. 

Conversely, HBA provides relatively low power of discrimination, because the relative likelihood 

remains within a small range close to 1.  
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It is also notable that the relative likelihoods for some properties, e.g. MW, HBD, ROTB and 

ALERTS, exhibit a counter-intuitive increase for high values (although the value remains below 

1.0, indicating that these property values are not good). Of course, there are different examples in 

clinical oral drugs with high values for MW, for example, macrolides such as Sirolimus and 

Erythromycin (Figure 11). 

 

Figure 11. Examples of clinical drug with high MW (>500). 

 

In this example is hypothesised that these large, flexible molecules do not ‘obey the rules’ 

governing typical small molecule drugs; they may undergo hydrophobic collapse and, in practice, 

have lower lipophilicity and volume than a more rigid compound of the same molecular weight and 

calculated logP. Similarly, there are a number of drugs such as Cimetidine, Cefpodoxime and 

Dantrolene which match several of the structural alerts that were applied (Figure 12). 

 

 

Figure 12. Compounds with different ALERTS aspects but used as clinical drug. 

 

This may indicate that some of these alerts are not sufficiently specific or, alternatively, that there 

is an oversensitivity toward the exploration of chemistry containing substructures that have 

previously been associated with toxicity.  

Therefore, the increase in the relative likelihood may indicate that these regions of chemical space 

have been underexplored in drug discovery projects relative to the number of oral drugs that have 

resulted from this chemistry. 
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Drug-like property guidelines are most commonly applied early in a drug discovery project, for 

example in the design of screening libraries or hit prioritisation, where experimental data on many 

properties are limited or unavailable. When experimental data are available for compound potency 

and other properties, these clearly provide much more information about their desirability for 

further investigation. In this scenario, the search for drug-like properties has a much more limited 

role to play, perhaps providing guidelines regarding possible directions to improve poor 

experimental outcomes. Despite their unique and attractive ability to penetrate cells via passive 

diffusion, it is a challenge for small molecules to address novel targets such as intracellular PPIs93. 

The inherent properties and diversity of PPI interfaces make it extremely difficult to design small 

molecule inhibitors, even though in recent years we have witnessed several successful examples of 

small synthetic molecules modulating PPI94,95.  

The most obvious and unique feature of PPI is the size of the interaction surface. Typical PPI 

interfaces span the contact area of 1500-3000 Å2, while the interfaces96 for protein-small molecules 

are only in the range of 300-1000 Å2. In order to achieve good affinity and competitive binding, a 

PPI inhibitor should be large enough to simultaneously interact with multiple ‘hot spot’ patches and 

gain a significant part of the distributed free energy97. 

Not surprisingly, structural analyses of small molecules that have successfully inhibited PPI show 

different features from known small molecule drugs. PPI tends to have a higher molecular weight 

(MW) and more complex topology than typical “drug-like” molecules adhering to the “rule of 5”96. 

Moreover, they are characterized by the following aspect: more hydrophobic, rigid aromatic 

scaffolds combined with charged or polar groups, larger in size, macrocyclic, a higher number of 

chiral centres, and three-dimensional in bound conformation96,98–100. 

A better understanding of the chemical space of PPI inhibitors will help to create new, focused 

chemical libraries that could ensure more successful HTS screening in the future101. 

The first study for the use of PPI was related to several monoclonal antibodies (mAb) that target 

extracellular proteins102. Modern developments in drug delivery technologies have allowed non-

oral delivery systems, such as injectables, to become acceptable alternative routes of drug 

administration. Protein therapeutics have expanded the historical definition of “druggable” targets. 

However, their large size restricts their diffusion across the cell membranes, hindering their ability 

to reach intracellular targets. 

After them, in the history of drug discovery process the pharmaceutical companies were focused on 

the realization of short-chain peptides. Peptides, which are different from proteins based on their 

reduced molecular size (50 amino acids or less), mediate various essential biological functions, 

such as signal transduction and growth. Natural peptides such as insulin, oxytocin, and 

cyclosporine are successful drugs103.  

Likewise, to biologics protein derivative, peptides can bind large protein targets with high potency 

and great selectivity, which translates into fewer off-target side effects and less potential toxicity 
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than small molecule drugs104. Unlike small molecules which often trigger side effects by producing 

toxic metabolites that accumulate in different organs105, peptides degrade into amino acids, which 

minimizes the risk of toxicity. 

Thus, when considering targeting novel intracellular PPIs, the virtues and versatility of synthetic 

peptides give them the capacity to combine beneficial properties of both classes (biologics and 

small molecules): high specificity and affinity of proteins coupled with inferior production costs, 

lower toxicity, and the potential to permeate the cell. However, the challenges that need to be 

overcome to make these molecules successful pharmaceuticals should not be underestimated.  

Peptides made of natural amino acids are generally considered to be poor drug candidates mainly 

because of their pharmacokinetic profiles. Because many proteolytic enzymes recognize common 

structural features of peptides, unmodified peptides have poor in vivo stability against proteases 

enzyme. In addition, they are rapidly cleared from the body by the liver and kidneys, with half-

lives often in the range of minutes. Peptides also have poor oral availability and their transport 

across membranes is limited and the conformationally flexible three dimensional structures, 

common in unmodified peptides, limit affinity and selectivity. 

In order to remove the biodegradability of linear peptide drugs, cyclic peptides occurred in clinical 

development. These are the smallest biomolecules that have the complexity to effectively recognize 

large surfaces of challenging target proteins while demonstrating druglike metabolic stability and 

membrane permeability. Today, 68 macrocyclic drugs on the market are almost equally distributed 

between two classes of compounds - cyclic peptides and macrolides; all peptides are delivered 

parenterally, except for Cyclosporin A (CSA)106. 

PPI interfaces often have complex architectures. When an interaction surface involves several 

binding subdomains held together in close proximity by the tertiary fold of a protein, the side 

chains that take part in the interaction belong to the noncontiguous polypeptide chain107. Such 

discontinuous PPI, named bicyclic peptides, recognition interfaces are challenging to mimic with a 

single peptide segment. An elegant approach to generate complex peptide loop topologies is 

offered by the tethering to the synthetic scaffold tris-(bromomethyl)benzene (TBMB). Linear 

peptides are linked to the organic TBMB core through reactive cysteine side chains, generating 

multiple-loop peptide constructs108. In addition, bicyclic peptides have a unique ability to interact 

with large surfaces by engaging both loops, which makes them suitable to address different types of 

binding sites. However, the successful design of cell-permeable bioactive bicyclic molecules for 

intracellular targets has not been demonstrated yet. 

 

During our EU FP6 project named “LIGHTS” and subsequently the AIRC projects IG10474 and 

IG16977, we discovered and developed peptides inhibitors that binds at the protein interface and 

blocks the inactive form of the hTS protein and then discovered the first concept of the dissociative 

inhibition of the dimeric protein into monomers.  
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Anticipating the results of my research work, I can show that also the PPI inhibitors designed and 

synthesized present a logP borderline with respect to RoF parameters and they show no correlation 

with the solubility when the molecular weight (MW) is more than 350. Data are reported in Figure 

13 and numerical value in Table 12 (see paragraph Tables Appendix). (logP evaluation as predicted 

with MarvinSketch tool using VG method software-based set). 

 

 

Figure 13. Bar graph of RoF for AIC-C compounds. The horizontal bars represent the respective limit value of RoF and 

are indicated with the same colour of the graph in clustered column and line. The hydrogen bond donors and acceptors 

(HBD and HBA in grey and orange, respectively); logP value in blue bar; molecular weight (MW) in black and PSA in 

yellow using line representation. The compounds above the horizontal bars represent the compounds outside the RoF and 

Veber’s rule (Veber for PSA value). Cut-off value: logP<5; HBA<10; HBD<5; MW<500; PSA<100.  

 

For example, the best compound C37 that I have identified shows higher cellular activity than the 

compound of reference LC1343. Considering RoF criteria, many of my compounds should be 

discarded, because they show higher logP value. 

C37 present a logP of 4.934 a value higher respect to LC1343 (4.727) but it resulted 

experimentally more soluble with respect to LC1343. In the kinetic enzymatic assay, C37 reaches 

40 µM concentration where LC1343 starts precipitating at a concentration lower than 20 µM.  

 

Up to now, different research groups are focused in the problem of the lack of correlation between 

LogP and solubility when MW is higher than 350 Da. A recent paper from Kihlberg’s group 

attributes the complicated correlation at Dynamically Exposed Polarity depending on PSA value109.  

The biggest obstacle to accurate solubility prediction is the unpredictable nature of the solid-state110 

(polymorphs, solvates, salts, hydrates, co-crystals, amorphous, etc.), and how to effectively model 

enthalpy and entropy of the system, i.e. moving from an ordered, structured low entropy solid state 

to a disordered, unstructured high entropy solution state. So far polymorphs still cannot be reliably 

predicted111 and accordingly their effect on solubility cannot be predicted by in-silico tools. 



27 

 

The LogP and MW correlation failed also in antibacterial drugs development where the 80% 

(30/38) of the drugs whose modes of action involve riboproteins (ribosomes) have MW >500 Da 

and some of the ligands e.g. Quinupristin, have MW over 1000 Da112. 

Unfortunately, both combinatorial chemistry and high throughput screening (HTS) tends to favour 

leads with higher MW, higher LogP and lower solubility87. This is due to the fact that high LogP 

compounds may show unspecific higher affinity for targets than compounds with lower LogP. 
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2. STATE OF THE ART 
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2.1. Identification of Novel hTS Inhibitors interacting with the protein dimeric 

interface. 

The overexpression of the folate cycle enzymes TS and DHFR is frequently observed in cancer 

cells resistant to platinum compounds. Also, the exposure of cancer cells to 5-FU or other TS 

inhibitors upregulates TS protein level due to the inhibition of the negative feedback mechanism, in 

which TS binds its own mRNA and inhibits the translation (see Drug Resistance). 

In order to overcome the resistance mechanism linked to TS overexpression, our team designed 

oligopeptide inhibitors that target TS stabilizing the inactive dimeric form, maintaining the ability 

to bind mRNA protein. Among these, LR (LSCQLYQR) peptide showed a good growth inhibitory 

activity on OC cell lines following transfection using SAINT-PhD as peptide delivery system. Our 

peptides don’t induce an overexpression of protein hTS. hTS remains stable or decrease of around 

25% but leads to a down-regulation of DHFR. This effect is a probably consequence of the 

reduction in dihydrofolate levels due to TS inhibition34.  

LR peptide has been modified through a Structure-activity relationship (SAR) approach improving 

its interaction with the TS target enzyme and its anticancer activity against OC cells. The inversion 

of chirality at position 4 generated a peptide, [DGln4]LR, that increase the activity against four 

cisplatin sensitive and resistant OC cell lines compared to LR and 5-FU. Like as the LR peptide, 

[D-Gln4]LR does not cause significant changes in TS protein levels but induces a DHFR protein 

level drop. 

Furthermore, drug delivery systems (DDSs) could be an effort to achieve an improved result. DDSs 

are pharmaceutical formulations or devices that help in achieving targeted delivery and/or 

controlled release (CR) of therapeutic agents in our body. Following administration, the DDSs 

liberate the active ingredients, and subsequently, the bioactive molecules are transported across 

various biological barriers to reach the site of action. 

Nevertheless, we adopted in first time an easy approach using the commercial delivery system 

SAINT-PhD. This commercial delivery system available from Synvolux is a cationic pyridinium 

amphiphile and a helper lipid. Upon mixture of SAINT-PhD with peptide a particle of 

approximately 200nm in diameter is formed. In this particle the amino acid sequence is enwrapped 

by at least one bilayer of lipids. Only non-covalent interactions are present between SAINT-PhD 

and the peptide. In this way, the peptide compounds delivered by SAINT-PhD are functional and 

unmodified. 

The cationic amphiphiles on the surface of the particle have high affinity for the negatively charged 

cell surface. Upon fusion or entrapment of the particle the peptide is released into the cytoplasm of 

the cell.  
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However, this is not suitable for peptides administration in animal models but was used as starting 

point for understand if this method can help our drug development. Liposomes system have been 

recently adopted for octapeptides delivery to cancer cells113. This drug vehiculation suggests a good 

result for the combination of classical therapeutic drugs with novel allosteric TS inhibitor that 

could be a promising approach to overcome the acquired chemoresistance113 . 

The investigation of these two peptides compared to PMX mechanism was performed. The 

quantification of the proteome of an ovarian cancer cell model treated with LR yielded different 

expression protein data set with respect to untreated cells and cell treated with PMX.  

Successively, proline scanning of the LR peptide has yielded mutants with such features114. 

The crystal structures of the complexes of hTS with two peptides, LR and CQLYQRSG, confirm 

their binding at the monomer–monomer interface of hTS interacting with the Ala181-Ala197 loop 

in the inactive form. In these complexes, the peptides adopt folded, helical-type conformations. 

With respect to the leads, [Pro3]LR and [Pro4]LR show improved cellular activity without TS 

overexpression induction. The LR proline analogues represent a step-ahead towards the 

identification of more rigid and metabolically stable cyclic peptide115-mimetic against TS protein.  

 

hTS targeting drugs represent the most relevant chemotherapeutic agents used in clinical cancer 

therapy where this enzyme is up regulated in several types of cancer, including OC and CRC. As 

an innovative hTS inhibition strategy, our group aimed to identify protein-protein inhibitors 

capable to bind at the dimer interface shifting the monomer-dimer equilibrium towards the 

monomeric form, working as hTS dimer disruptors. This should produce inhibition of hTS catalytic 

activity, cell growth and hTS levels reduction, reduced TSmRNA levels and rapid ubiquitin 

independent degradation. 

2.2. Background of hTS dissociative inhibitors 

The discovery of protein-protein PPI inhibitors is complicated due to the features of the protein 

interface area surface, that are normally flat, without pockets where the inhibitor may be anchored 

and adapt to the binding site. Conversely these surfaces are more rigid than active sites that were 

properly developed by Nature to bind small molecules or substrates in general.  

The amino acids that contribute to most of the binding affinity of the interaction are called 

hotspots. A hotspot is usually defined as a residue that contributes at least 4.2 kJ/mol to the binding 

free energy116–118 and is responsible for the largest binding energy contribution. The discovered 

hotspot residues can help the identification of binding pockets for designing new ligands able to 

perturb the protein-protein interface. These specific residues contribute to favourable sites for 

ligand binding.  

Hotspots can be determined using the amino acid residue mutated to alanine by adopting the ala 

scanning method50. If the residue mutated causes a change of the enzyme activity and/or into free 
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binding energy of association, it could be considered a hotspot. These binding free energy changes 

between the wild type form and the mutant is defined by ΔΔG0d.  

The mutational analysis study has identified mutants that show good enzymatic activity but worse 

the dimeric stability compared the WT hTS. The principal hotspots identified were F59A, I178A, 

and Y202A50 (Figure 14). With these studies on hTS dimer interface, several peptides were 

designed in our group as previously reported. 

Thanks to the availability of a wide number of hTS crystallographic structures, the dimer interface 

was examined to detect those residues suitable to accommodate small molecules or molecular 

fragments. 

One of these hotspots identified is Y202 pocket, a promising region to be targeted by ligands with 

reasonable size (22 Å3) and several smaller crevices around it. During molecular dynamics 

simulations on monomeric hTS, Y202 moves and a large pocket is formed around it behaving like 

a gate50.  

 

Figure 14. The principal hotspots identified at dimer interface of the active hTS, F59 and Y202 underline in blue. I178 

not showed in this picture is under the β sheet near at F59 (precise position could be seen in our reference paper 34). 

2.3. Tethering  

In the second phase of drug discovery, we adopted a tethering approach, in order to identify low-

molecular-weight synthetic compounds able to show a protein-protein interaction inhibition of hTS.  

Tethering is a hypothesis-driven screening approach which exploits the reversible covalent reaction 

of thiol-disulphide exchange to capture fragments via native or engineered cysteine residues on a 

protein119, improving the scope for drug development and acting as an early indicator of lead 

discovery success likelihood. The technique relies on the formation of a disulphide bond between 

the fragment and a cysteine residue in the targeted protein (Figure 15) 
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Figure 15. Tethering process model in which the green shape bearing the thiol group is the hTS protein interface, the 

coloured disulphide compounds (red, yellow and violet) bind to the Y202C mutant closest binding site. The binding is 

driven by the affinity of the compound for the protein surface and stabilized by the disulphide bond. Mass 

Spectrometry experiments show the covalent heterodisulfide complexes.  

If a native cysteine does not exist in the region of interest of the target protein, one can be inserted 

by site-specific mutagenesis process, in order to obtain a suitable thiol group for the formation of 

the disulphide tether with a suitable thiol ligand.  

From this perspective, residue Y202 of hTS was mutated to cysteine for tethering studies, and in 

parallel C195 was mutated to serine to avoid covalent binding of disulphide compounds to the 

active site. The target mutant protein was exposed to a library of 55 disulphide-containing 

fragments (typically less than 300 Da). Fragments with the greatest affinity for the targeted protein 

site in the vicinity of the cysteine form the most stable disulphide bond and then are rapidly 

detected and identified by mass spectroscopy (MS). Screening experiment is performed under 

partially reducing conditions, the presence of a reducing agent such as 2-mercaptoethanol ensures 

that the intrinsic binding properties of the fragment, rather than thiol reactivity, drives the selection 

process. Even though the identified fragments have a weak binding affinity, their covalent bonds to 

the protein facilitate the analysis by X-ray crystallography, which in turn facilitates lead compound 

optimization.  

The found fragments with low affinity must be improved by further medicinal chemistry studies. 

These fragments resulted the starting points for a hit search. By a structure-based virtual screening, 

drug-like molecules within a dataset of 331,600 commercially available compounds were screened 

and a final set of 26 molecules was chosen, by visual inspection, among those showing a good 

affinity score towards the receptor. 
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2.3.1. From tethering to the first dissociative inhibitor 

To obtain a quantitative characterization of the dissociative-inhibition mechanism and drug ability 

to perturb the hTS dimeric form, enzyme kinetic and fluorescence resonance energy transfer 

(FRET) experiments were performed. Compounds with the best dissociative potential were 

evaluated at the biological level in in vitro experiments on OC and CRC cancer cell lines.  

FRET assay reveals if the putative inhibitors can dissociate hTS dimer causing the decrease in the 

efficiency of energy transfer (Δφ FRET) from a donor (fluorescein, F) to an acceptor 

(tetramethylrhodamine) probe anchored to the two protein subunits.  

FRET consists of distance-dependent interaction evaluation between electronically excited states of 

two dye molecules in which excitation is transferred from a donor molecule to an acceptor 

molecule. The hTS target protein was engineered in order to bind each one fluorescent probe for 

single monomer. In this way, the two fluorophores lie at the proper distance for resulting 

fluorescence signal transfer from donator (Fluorescein maleimide) to the acceptor molecule 

(Tetramethylrhodamine maleimide). FRET signal was measured by exciting the donor partner at 

absorption wavelength equal to 450nm and, suddenly, by reading the emission spectrum of 

Tetramethylrhodamine acceptor partner at specific wavelength of 590nm. Based on these previous 

considerations, it is clear that a potential inhibitor compound able to disrupt or perturb the 

monomer-monomer interactions of the target protein, it will cause a reduction of FRET transfer 

efficiency, which is corresponding, from an experimental point of view to reduction in emission 

signal intensity of Tetramethylrhodamine at 590nm108. 

 

2.3.2. Fragment Identification  

We selected 1066 commercially available symmetric/not symmetric disulphide compounds that 

could be able to bind near Y202. 

Among these, we selected a library of 55 compounds for the tethering experiments that presented 

an optimal property drug-like score. Matrix-Assisted Laser Desorption/Ionization (MALDI) - Time 

of Flight (TOF) was used for screening the library of 55 compounds. The positives result obtained 

with MALDI-TOF MS were confirmed using Electron Spray Ionization Quadrupole - Time of 

Flight (ESI-QTOF) MS. N-tosyl-D-prolinecysteamine (TCP)120 was used as MS analysis validate 

tethering results. 

6 compounds were selected in this approach and the result underline the binding of the protein 

according to tethering method development in MS data. The compounds (A5, A6, A10, A15, A20, 

A38) was reported below (Figure 16). 
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Figure 16. Identification of fragment from tethering work. 

 

The 6 compounds were also analysed in proteomic basic approach to confirm molecules inhibition 

of the correct peptide sequence necessary for the aim of project. 3 (A5, A10, A20) out of the 6 

structure and TCP were confirmed to bind the peptide (D186-C215) DLPLMALPPSH 

ALCQFCVVNSELSCQLYQR (sequence C), containing the engineered Y202C together with the 

native C199 and C210.   

In agreement with the described computational and crystallographic data Y202 pocket at the hTS 

interface as a suitable binding site to be adopted for further structure-based studies. 

 

Using the 4 validate structure (3 disulphide and TCP) we started fragment-based approach using 

331,600 commercially available compounds (Specs dataset, www.specs.net) conceivably able to 

bind at the Y202 pocket at dimeric interface surface. The initial dataset was progressively reduced 

to 5,774 candidates using MW, structural and chemical drug-like criteria. Using virtual screening 

(VS) method together with FLAP software the fragments was docked into the Y202 pocket using a 

receptor-based pharmacophore model built from the X-ray crystal structure of hTS (1HVY).  

A final set of 26 molecules (B1-B26) was selected to be tested for their ability to inhibit TS and 

destabilize its dimeric form by, respectively, a kinetic enzymatic and FRET test. 

Among the 26 compounds selected, B12 and B26 were considered suitable for further 

development. These 2 compounds do not show hTS inhibition, but we found the first hTS dimeric 

disruptor with FRET value -0.13 and -0.02 respectively (Figure 17). 
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Figure 17. First compounds with hTS dimer disrupters mechanism. 

Considering the data obtained, we started the project by structural modification of B12 and B26 

and finally opted for B12 derivatives. In the docked poses the interactions were established by B12 

with Y202 through the o-chloro-phenyl ring and with R175 through the p-nitro-pyridyl ring (Figure 

17). B26 interact with Y202 through the piperidin-1-yl ring and with R175 through the quinoline 

ring. 27 structural analogues of B12 were obtained. Among them, LC1130 is the first hit compound 

obtained with IC50 value, 5.25 µM against the recombinant protein, produced a large decrease in 

FRET efficiency, -0.45, at 50 µM. However, it displayed no activity on cancer cells. In order to 

follow the PPI project development, we design the novel series using the PPI criteria in particularly 

with the introduction of rigid aromatic fragments and increasing hydrophobic structure value. 

LC1130 was used to perform the kinetic characterization of the dissociative mechanism of hTS 

inhibition. This work is under publication; a patent has been deposited and granted 

(IT102015000088249). 

 

 

 

 

Figure 18. hTS representation. On the left: in red the region of the active site; R 175 is emphasized due its utility, in 

fact, when the two monomers interact, R 175 goes deep inside the other subunit. Actually, it plays an essential role for 

the catalytic activity of the protein due to the fact that it binds the phosphate moiety of the opposite dUMP monomer. 

On the right: LC1130 interacts with the important residues of this pocket; one of them is R175, the arginine that binds 

to the phosphate of dUMP. 
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2.4. HIT-to-lead discovery: LC1296 as compound 1 of reference for the design of 

new hTS dissociative inhibitors (background).  
 

The above-described experiments confirmed the two compounds reported in Figure 19 as dimer 

disrupter (dissociative inhibitors) able to interfere with the monomer-dimer equilibrium of hTS. 

These compounds represented the starting point for the design of new hTS dissociative inhibitors. 

Among these derivatives, the LC1296 resulted to be the most effective.  

 

Figure 19. First PPI against hTS. 

 

It was shown that these compounds occupy the Y202 cavity, that normally is fitted by residues 

coming from the other monomer, namely F59. This cavity is at the dimer interface opposite to the 

catalytic site.  

For the catalytic activity, the R175 residue should interact with the phosphate group of dUMP, 

which binds to the active site of the other monomer. As Figure 20 shows, Y202 make a strong π-

stacking interaction with F59 residue coming from the other monomer, stabilising the protein 

structure. Mutation to alanine of Y2020 and F59 causes a decrease of dimeric assembly stability 

that is more pronounced for F59A mutant than for Y202 mutant (Kd changes from 10-5M to 10-7M 

respectively, while the WT-hTS shows a Kd around 10-8M.)  

In each monomer there are many polar amino acids present near Y202, except for one non-polar 

residue (F59) (Figure 20). In this way, the pocket present at the interface, around Y202, is densely 

populated with polar side chains of the residues coming from both the monomers. These amino 

acids provide the overall stability of this homodimeric protein.  
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Figure 20. On the left hTS dimeric form. Red circle indicates the targeted cavity respectively present on each 

monomer. On the right, the interaction between the two monomers (around the Y202 pocket). The aromatic ring of 

F59 and Y202 make a strong π-stacking interaction. H-bonds betweenY202, D254 are present. 

 

Computational studies have been suggested and supported these binding models34. To confirm this 

theory, more studies on the structural characterization of the inhibitor-target complexes should be 

attempted. Up to now, unfortunately our group in collaboration with the University of Siena was 

not able to obtain the crystal structure of the monomer with our novel ligands, but other 

experiments are ongoing.  

In parallel the new compounds synthesized during my PhD and the other structure from chemists 

collaborating to the project are under evaluation in molecular dynamics (MD) in order to elucidate 

the binding at the protein interface (Prof. Cavalli, IIT Genova). 

LC1296 compound and its derivatives show a moderate enzymatic activity and relevant FRET 

decrease efficiency (IC50 hTS = 40µM, FRET 20µM= -0,23), but modest cytotoxicity (cell growth 

inhibition) on cancer cell models, therefore it is important to improve the efficacy of the 

compounds by developing new chemical structure. It must be noted that differently from traditional 

enzyme inhibition, the dissociative inhibitors should show both hTS inhibition and FRET decrease 

efficiency to ensure a dissociative effect on hTS. 

 

The dissociative inhibitors bind at the monomer-monomer interface and shift the dimer-monomer 

equilibrium towards the monomer, as shown in Figure 21a, reported below. The three equilibrium 

models for hTS in physiological molecular states (a), when a traditional active site inhibitor binds 

the protein dimeric form (b), stabilizing it and shifting the monomer-dimer equilibrium towards the 

dimer. Finally, (c), when a dissociative inhibitor binds the monomeric or dimeric form and shift the 

dimer-monomer equilibrium towards the monomer. 
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Figure 21. Schematic representation of TS’s different situations; a) Physiological conditions. b) Presence of 

inhibitor/substrate. c) Presence of dimer dissociative inhibitors. 

 

The enzyme inhibition level (IC50 value) should not necessarily show a very low value (nanoMolar 

range) to be a strong cancer cell growth inhibitor, because at the physiological level the 

dissociation of the TS dimer to monomer may be enhanced and the final downstream effect may be 

amplified with respect to the effect observed on the recombinant protein . Therefore, the inhibition 

ranges between 10 and 40 microMolar combined with a FRET decrease efficiency allow the 

selection of the compound for further studies. 

 

 

Figure 22. Pipeline visualization for fragments and compounds selection process  
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2.4.1. Structure analysis of LC1296  

 

The structural model of hTS-dissociative inhibitors interaction and SAR analysis performed on the 

first inhibitor set, we based the drug design of the new derivatives on a ligand-based approach in 

which the LC1296 was dissected in three fragments (A, B and C) that could drive to reasonable 

synthetically accessible modifications. The general chemical structure for these hTS dissociative 

inhibitors can be ideally restructured into three fragments (Figure 23).  

 

Figure 23. Fragments representation of compounds development from LC1296. 
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2.4.1.1. Fragment A 

The 4-nitrophenylthio ring (Fragment A) makes hydrophobic interaction (π-stacking) with the 

tyrosine 202. It has been observed that this aromatic ring takes the same place, which is occupied 

by F59 of the other monomer in the dimeric form.  

The 4-nitrophenyl ring has been replaced with several different other aromatic and hetero-aromatic 

cycles, electron-rich, electron-poor, monocycles, differently substituted (with polar functional 

groups such as COOH, CONH2 and SO2) and bicycles, but it seems to be essential for the activity 

(Figure 24). Moreover, when nitrobenzene is replaced with heterocycle such as benzoxazole, 

quinoxaline and pyrimidine derivatives a FRET drop efficiency is observed.  

 

 

Figure 24. Fragment A structural modifications performed on LC1296.  

 

Fragment A of the molecule should be electron-poor, in order to establish interaction with the 

electron-rich ring of the tyrosine, and it can be substituted with a group that interacts with arginine 

64.  
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2.4.1.2. Fragment B 

Keeping the best features identified in Fragment B, the importance of the thio-acetamidic linker 

was analysed and illustrated below (Figure 25-26).   

 

Figure 25. Binding pattern description of the interaction of LC1130 compound with hTS binding site residues. Fragment 

A makes a strong π-stacking with R64 and Y202. At the same time, Fragment C interaction with R175 may contribute to 

the correct conformation of Fragment B. 

 

 

Figure 26. Snap-shot details of the binding interaction of compound LC1130 (in dark green) with the interface residue 

R64, Y202 and R175 (in orange). Blue cartoon represents the monomer. Snap-shot generated by Pymol Software. 

 

The sulfur atom is fundamental for the activity by inferring the optimal conformation structure 

necessary for the binding mode  

The amide bond resonance in this scaffold is stronger than a normal amide bond due to the 

conjugation with the aromatic ring, and sulfur might reduce the rotation around the bond. 

Therefore, a combination of thioether effect and amide bond resonance, make the conformation 

drawn above as highly accessible for the correct binding mode. This computation experiment was 
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confirmed by the compounds reported in Figure 27 where it can be observed that the bioisosteric 

and homologous replacement of the linker does not show any activity.  

 

 

Figure 27. Bioisosteric and homologous replacement of thio-acetamidic linker. 

 

Thio-acetamidic linker underwent to extended investigation by the collaborative chemist team. The 

introduction of rigid and\or cyclic analogous like uracil and thiazolidinedione cause a drop of 

activity in all compounds synthesized.  

Only the introduction of the phenyl moiety increases significantly the activity (LC1296), especially 

in cellular growth inhibition.  
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2.4.1.3. Fragment C 

Finally, keeping all the best structural features obtained in Fragment A and B, the aromatic system 

linked to nitrogen was further investigated, exploring new aromatic systems with different 

substituents.  

The aromatic phenyl group was extensively analysed with the insertion of different electron 

withdrawing and donating substituents. In the same time chain elongation was explored with 

different substitution. Then, the phenyl ring was substituted with different amino acid moiety and 

heterocyclic system (Figure 28).  

 

Figure 28. Fragment C chemical modifications. 

 

The investigation on LC1296 lead to LC1343 (E7) compound. LC1343 was obtained by the 

replacement of para aminobenzoic acid (PABA) (Fragment C) moiety with benzothiazole (Figure 

25).  

LC1343 and LC1296 compounds represent my starting point for SAR development. Different 

compounds structurally correlated with LC1343 were synthesized in my thesis in order to improve 

FRET, cellular growth inhibition and solubility achieving the best compound of the AIRC project. 
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2.5. Aim of my Thesis Project 

The project developed during my PhD thesis in Clinical Experimental Medicine (CEM) is part of 

the AIRC project (AIRC2015-IG16977 “Protein-protein interaction inhibitors of thymidylate 

synthase against colorectal cancer”), Additionally, my project was included in the regional PhD 

program dedicated to “Oncologia di Precisione e Nuove Terapie Antitumorali -ONCOPENTA” 

2016-8499/RER.   

The aim of this project is to identify and develop new chemical compounds, acting as protein-

protein inhibitors (PPI), able to induce a perturbation in hTS dimer-monomer equilibrium in favour 

of the monomeric form, inhibiting the catalytic function of the enzyme but preserving the 

regulatory activity at the same time (Figure 29-30). This strategy is applied to generate new 

protein-protein interaction inhibitors for the treatment of ovarian and colorectal cancer. 

 

 

Figure 29. Perturbation of dimer-monomer equilibrium in presence of antimetabolites. 

 

Figure 30. Project strategy. Perturbation of dimer-monomer equilibrium in the presence of PPI. 

 

This project is based on a multidisciplinary collaborative effort of various medicinal chemists. The 

molecular development for SAR study is divided into 3 different lines giving three compound 

classes: AIC-A, AIC-B and AIC-C. The compound line that I have developed was AIC-C. 
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Compound of class AIC-A and AIC-B have been developed by Dr. Pasquale Linciano 

(UniMORE) and Prof. Remo Guerrini team (UniFE) respectively (Figure 31).  

 

Figure 31. AIC compounds series clusterization 
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In the present thesis I am showing the work developed on AIC-C compounds, however and 

integrated analysis from time to time will be addressed along the following chapters, when needed. 

The compound code will be indicated with the letter only (ex. AIC-Cxx will be Cxx) 

With this purpose, basing on the studies performed and the results collected so far, I developed the 

following activities:  

• Synthesis of novel compounds with optimized cellular activity and FRET compared to the 

previously hTS dimer-disrupter identified principally based on LC1343  

• Data analysis and database process for drug discovery development of enzyme kinetic 

inhibition, cancer cell lines activity on HT29 colorectal cancer (5-FU resistant) and 

A2780/CP ovarian cancer (cisplatin-resistant), FRET analysis.  

• LC1343 (E7) and LC1296 development of a scale-up methodology for chemical synthesis 

of the compounds. 

• Research and development preparative chiral HPLC resolution to obtain the enantiomeric 

separation for in vivo data of LC1343 compound. Also, the absolute configuration 

assignment and enantiomeric stability study were done. 

• Synthesis of fluorescently labelled TS inhibitors for obtained evidence that our compounds 

determine hTS dimer disrupters engagement in cells 

 

Figure 32. HIT (LC1130 and LEAD (LC1296 and LC1343 molecular properties of the dissociative inhibitors and lead 

optimization perspective.  

 

The goal of my thesis work is the optimization of the leads LC1343 and LC1296 to obtain 

compounds with the highest capability to disrupt the dimeric protein with solubility improvement 

with respect to the leads and booster the cytotoxic activity against 5-FU and cisplatin drug-resistant 

cell lines (Figure 32). 
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3. RESULTS 
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3.1. Chemistry 

3.1.1. Novel hTS dissociative inhibitors  

The lead optimization study consists in the structural implementation and SAR development of 

compounds LC1296 and LC1343 (Figure 33) to obtain new compounds that show improved hTS 

dissociative-inhibitor activity, cytotoxicity against cancer cell models, higher FRET value and 

better physicochemical features. 

 

Figure 33. Structures and molecular fragments of compounds LC1296 and LC1343. The Fragments will be studied in my 

thesis work. 

 

3.1.2. LC1343 linker validation 

To achieve the above described aims I have carried out structural modifications on the three main 

fragment (A, B and C) of the compound structure LC1343 (Figure 34).  
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Figure 34. LC1343 development strategy. 

 

Firstly, my synthetic work aims to understand the relationship between the linker structure and 

compound activity (linker validation, Fragment B). Chemical changes have been performed 

maintaining unchanged the p-nitro-thiophenol (Fragment A) and the aromatic Fragment C (Figure 

35). 

 

Figure 35. LC1343 development strategy in fragment portion. 

 

This modification was conducted to understand if a reduction of lipophilicity and an improvement 

of free conformational rotation of the thio-acetamidic linker could maintain the biological activity. 

Moreover, this modification was introduced as an opportunity to remove the chiral centre. 
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I have modified the acetamidic linker (Fragment B) to obtain compounds without phenyl or with 

methyl/dimethyl substituent in the phenyl ring position. LC1343 was then modified with the 

replacement of nitro with N- acetyl group. The final structures obtained are reported in Table 1. 

Attempts to obtain the free amine replacing the nitro group failed despite the many attempts with 

different chemical procedure; all the experimental procedures have conducted to a very low yield in 

reaction mixture that were analysed using Nuclear Magnetic Resonance (NMR) spectroscopy.  

The amount of degradation products increased when the compound is purified in normal silica 

chromatography.  

Prof. Remo Guerrini (UniFe) purified the compound using a preparative HPLC in reverse phase 

chromatography and obtained the final product in low yield (data activity not available and 

compound structural stability evaluation are ongoing). 

With the changes performed, the importance of the phenyl ring for the compounds cytotoxic 

activity was confirmed.  

Also, I have tried to replace the phenyl moiety with thiophen ring and other phenyl halogen 

substitution in order to introduce a new side chain in the LC1343. These last modifications failed 

because the compounds obtained with this chemical modification resulted unstable. The chemical 

reason for the compound instability may be due to the strong acidity of the proton in the chiral 

center (see chiral stability paragraph 3.4.1.). 

 

Table 1. linker validation. 

 

 

Compound R R’ 

LC1343 -NO2 -C6H5 

C42 -NAcetyl -C6H5 

C1 -NO2 -H 

C2 -NO2 -CH3 

C39 -NAcetyl -(CH3)2 

 

3.1.3. Benzothiazole derivatization 

Fragment C acts as a modulator of the activity. In the previous hit development (see paragraph 

2.4.1.), the 4-aminobenzamide present in LC1296 was replaced with several aromatic amino acids 

or aromatic amino acid-like moiety in order to explore the importance and the effects of the 

substituents on the aromatic ring. The data obtained show that only a few compounds demonstrated 

a little improvement of the FRET value and of the enzymatic activity but a complete loss of the 

anticancer activity against ovarian and colorectal cancer the cell lines.  
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The benzothiazole moiety appears fundamental for the cellular potency. An aromatic system with 

the polar head is a clue feature allowing the molecule to interact with Arg64, primarily as an 

acceptor of hydrogen bonds and miming the carboxyl group of D254. The linker was keep fixed 

with thio-phenylacetamide (fragment B) and the Fragment A were changed. 

Different types of substitutions were realized on the benzothiadiazole in order to explore the 

functionalization property (C5, C8, C16, C18, C19, C37-C38, C41). An aromatic elongation was 

obtained in C17. Other 2 types of heterocycles benzimidazole and quinoline were explored by 

replacing the benzothiadiazole moiety in compounds C10 and C40, respectively. 

Moreover, I have synthesized different compounds with N acetyl moiety instead of the nitro group 

(Table 2) (C10, C12, C21, C26, C28, C31-C34). 

 

Table 2. LC1343 development, compounds synthesized. 

 

Compound code R R1 

C8 COOCH3 NO2 

C5 5,6 dimethyl NO2 

C16 6-CF3 NO2 

C19 6-CH2COOC2H5 NO2 

C18 4,6 dimethyl NO2 

C35 6-F NO2 

C38 H NO2 

C37 6-OH NO2 

C41 5-CF3 NO2 

C17 

 

Benzothiazole replacement with  

2-Phenylbenzothiazole elongation 

NO2 

C40 

 

Benzothiazole replacement with 

quinoline 

NO2 
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C34 4-Cl N-Acetyl 

C33 

6-      

N-Acetyl 

C32 

6-      

N-Acetyl 

C31 6- Imidazole N-Acetyl 

C28 6- CONH2 N-Acetyl 

C26 6-Br N-Acetyl 

C21 7-CH2CH2CH3 N-Acetyl 

C12 5,6 dimethyl N-Acetyl 

C10 

 

Benzothiazole replacement with  

2- Benzimidazole 

N-Acetyl 

B33* 6-SO2CH3 NH2 

B30* 

6-      

NO2 

B31* 

6-      

NO2 

* compounds obtained at University of Ferrara from Prof. Guerrini’s lab group. 

Also, the benzothiazole was replaced with 2-Amino-3-hydroxypyridine and with 3-(Methylthio) 

aniline given the compounds C20 and C22, respectively (Figure 36). The benzothiazole moiety 

was linked to 5-FU to give compound C6. 
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Figure 36. Benzothiazole replacement carried out with LC1343. 

 

3.1.4. LC1296 chemical modifications  

 
Figure 37. LC1296 development strategy in fragment portion. 

 

The first modification of LC1296 was performed on Fragment C (Figure 37) by PABA elongation 

together with the replacement of phenyl with methyl group (C1, C3, C4). Then in the same 

Fragment C, the moiety of Trimethoprim drug was included in LC1296 to give compounds (C9, 

C11). Simultaneously, fragment-based was elaborated for the elongation on Fragment A keeping 

Fragment B fixed for obtained the compounds (C7, C13, C14, C25, C27) (Table 3).  

 

 

Table 3. LC1296 chemical modification. 
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R= R1= 

C7 NO2 

 

C13 N-Acetyl 

 

C14 N-Acetyl 

 

C25 NO2 

 

C27 N-Acetyl 
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3.1.5. LC1296: development of fluorescently labelled hTS inhibitor 

To gain evidence that our dimer disrupters enter the cancer cells and engage hTS cellular enzyme 

we resorted to fluorescence microscopy. Compound LC1296 was found as the best PPI we have 

obtained at this stage of research, showing a FRET value of -0.24 at 50 M, a suitable solubility to 

be managed in a good concentration range and therefore it was selected to be conjugated with the 

fluorescent probe. To this aim more than one gram of compound was necessary because the 

conjugation reaction gives low yield in the final tagged compound.  

The fluorophores choice must be carefully considered. The selection of the two probe Fluorescein 

isothiocyanate (FITC) and Boron dipyrromethene (BODIPY) was performed to obtain green 

fluorescence dyes after the internalization in cancer cells. Normally, these probes are used to image 

tumours in internal organs in mice or are suitable for imaging the superficial tissue because of the 

short penetration distance of green light in tissue but the highly efficient production of the signal. 

The two fluorescent probes were selected in order to obtain the correct emission peak in the 

experiment analysis at the correct pH. It’s reported that FITC demonstrated the highest signal and 

BODIPY the lowest in PBS solution at pH 7.4 but the emission changes when the dyes are 

dissolved into the phosphate buffer at pH 3.3 due to the chemical bond conjugation. When the pH 

changed from 7.4 to 3.3, the fluorescence intensity of BODIPY increased by 25% and in contrast, 

FITC decreased by 86%121. FITC exhibited a main peak at 495 nm and a shoulder peak at 465 nm 

and showed a clear pH-dependence. Due to the low fluorescence intensity at acidic pH and the less 

dynamic response around pH 4.5, the optimal detection range of FITC was determined to be 

between weakly alkaline and acidic pH. The green-fluorescent BODIPY fluorophore with 

excitation/emission maxima ~503/512 nm due to the lack of ionic charge the emission spectra are 

relatively insensitive to solvent polarity and pH compared to FITC probe. 

The experiments were performed at Instituto de Biologia Molecular e Celular (IBCM) of Porto 

(Figure 38). 
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Figure 38. Fluorescently labelled TS inhibitor. 

 

To achieve a good synthetic method to synthesize the fluorescently labelled TS inhibitor, the amide 

group in LC1296 was converted in free carboxylic acid to obtain compound LC1270 through the 

chemical reactions reported in the respective section (see section 3.2.6.). The final compounds with 

the two probes selected are reported below (Figure 39).  
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LC1296-FITC 

 

 

Figure 39. Fluorescently labelled TS inhibitor. 

LC1296-

BODYPY 

 

LC1270 compound with free carboxylic acid possesses the proper solubility necessary as a starting 

point for the probe attachment. The higher solubility is a fundamental characteristic because the 

linker of the probe causes a reduction of solubility particularly with the FITC probe introduction. 

Luckily, compound LC1270 monitored in FRET experiments demonstrated the ability to induce a 

change in equilibrium composition making unstable the dimeric form showing a FRET value of -

0.56 at 50 µM after 1 h incubation. This goal is important for the subsequent experiment via 

imaging techniques. 
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From the chemical point of view, this functional group conversion introduces the possibility to 

obtain a new click group for peptide coupling chemistry restoring the amide moiety and the 

consequential reaction with maleimide probes using a sulfhydryl-reactive intermediate previously 

generated having a free thiol group in solid-phase reactions (see section 3.2.7). 
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3.2. Synthetic chemistry description 
 

In order to achieve the linker validation different chemical reactions parameters were modulated 

and explained in the following section in order to obtain the maximum reaction yield. 

The Scheme 1 below reported the reaction steps necessary to obtain the final compounds for linker 

validation (LC1343, C1-2, C39, C42).  

 

 

Scheme 1. Reagents and conditions. (i) K2CO3 (1.2 eq.), Acetone, 0°C - RT, 1-3 h. (ii) LiOH aq. (1 eq.), THF/MeOH 

(1:1 v/v), 0°C - RT, 1 h. (III) 1a-1e (1eq), EDC.HCl (1.1 eq.), HOBt (1 eq.), DMF dry, 0°C - RT, 12h.  

Note: the ester a generate the respective free carboxylic acid 1a, the same schematization was adopted for b-e to generate 

1b-1e, respectively. 

 

Compound R R1 

1a -NO2 -C6H5 

1b -NAcetyl -C6H5 

1c -NO2 -H 

1d -NO2 -CH3 

1e -NO2 -(CH3)2 

 

Schematically, the thiophenol derivatives in SN2 condition were reacted with the respective bromo 

acetyl esters to obtain the thioether intermediate compounds a-e (Scheme 1, step I).  Then, the 

tioether obtained is hydrolysed to give the free carboxylic acid (1a-1e).  

Successively, the purified intermediates (1a-1e) reacted in amide coupling condition with 2-amino-

6-(methylsulfonyl)benzothiazole to obtain the final compounds necessary for the linker validation 

(LC1343, C1-2, C39, C42). This chemistry sequence was adopted to obtain almost all the final 

compounds in this project using the respective reagents. 

 

These 3 steps procedures were analysed and explained individually in this section. 
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3.2.1. LC1343 chemistry of linker validation  

 

The first reaction step I was carried out in acetone in presence of 1.2 equivalents of K2CO3, which 

causes deprotonation of the thiol group and neutralization of the resulting HBr generated by the 

reaction. The respective mercapto group in 4-Nitrothiophenol due to the presence of withdrawing 

effect of the nitro group in para position increase the proton acidity of the mercapto group was 

higher (lower pKa) with respect the corresponding unsubstituted thiopenol. Data were elaborated 

using MarvinSketch 6.3 from Chemaxon default parameters (pKa=5.16 and pKa= 6.64; 4-

Nitrothiophenol and Thiophenol, respectively). 4-Nitrothiophenol was solubilized at 0°C in dry 

acetone following by the slow addition of K2CO3 in order to avoid the thermal effect of base 

introduction. The respective Bromo derivative was added dropwise in order to improve the reaction 

yield. A fast introduction of Bromo reagent reduces the reaction yield due to the in-situ acid 

condition generated from the fast production of the hydrogen bromide in the reaction. The reaction 

mixture started at 0° C, after setting at room temperature for 1 to 3 hours and stirring in order to 

reach the full conversion. Then, the reaction mixture was diluted with water and the compound 

extracted in EtOAc. The organic phase obtained was washed 3 times with brine solution 

(oversaturated solution of sodium chloride) to obtain the pure a-e intermediates. 

 

The linkers synthesis reactions (step I) were set-up in different experiments in order to improve the 

reaction yield. The reaction was analyzed specifically for the formation of intermediate ester a and 

then adopt for all the ester intermediates (b-e). 

The different conditions adopted were reported in Table 4 along with the specific reaction 

procedure. 
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Table 4. Optimization of step I condition between 4-Nitrothiophenol [i] and ethyl 2-bromo-2-(4-

nitrophenyl)acetate. [ii] the reaction was performed with previously purification of i. [b]Yield of 

the isolated compound after purification. 

 

Entry* i:ii ratio Conditions Yield [%][a,b] 

1 1:1 Acetone, 0-RT, 65 

2 1:1 DMSO, 0-RT, 44 

3 1:1 DMF, 0-RT, 50 

4 1:1 acetonitrile, 0-RT, 37 

5 1:1 DMA, 0-RT, 30 

6 1:1 THF, 0-RT, 30 

7 1:1 Acetone dry, 0-RT, 77 

8 1:1 DMF dry, 0-RT, 63 

9 1:1 Acetonitrile dry, 0-RT, 45 

10 1:1 THF dry, 0-RT, 33 

11 1:1 Acetone dry, 0-RT, K2CO3 (1 eq.) 85 

12 1:1 DMF dry, 0-RT, K2CO3 (1 eq.) 66 

13 1:1 Acetone dry, 0-RT, Cs2CO3 (1 eq.) 60 

14 1:1 Acetone dry, 0-RT, CaCO3 (1 eq.) 55 

15 1:1 Acetone dry, 0-RT, TEA (1 eq.) 48 

16 1:1 Acetone dry, 0-RT, K2CO3 (1.2 eq.) 95 

17 1:1 Acetone dry, 0-RT, K2CO3 (1.5 eq.) 92 

18 1:1 Acetone dry, 0-RT, K2CO3 (2 eq.) 92 

19 1:1 Acetone dry, 0-RT, K2CO3 (1.2 eq.), 

18-crown-6 (0.1 eq.) 
81 

20 1.2:1 Acetone dry, 0-RT, K2CO3 (1.2 eq.) 99 

21 1.05:1 Acetone dry, 0-RT, K2CO3 (1.2 eq.) 99 

* Specific reaction procedure. 

 

Different polar aprotic solvents were examined such as acetone, dimethyl sulfoxide (DMSO), DMF 

(N, N-dimethylformamide), acetonitrile, DMA (dimethylacetamide) and tetrahydrofuran (THF) in 

order to find the better solvent choice (reaction entry 1-6). Also, the best solvent identified was 
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replaced with the corresponding dry solvent to analyze the importance of dry system in reaction 

experiment (entry 7-10).  

The best solvent found for this first step is reported in Table 4 between the reagent i (4-

Nitrothiophenol) and ii (ethyl 2-bromo-2-phenylacetate) in acetone dry (entry 7). 

The dry condition is fundamental for this chemical step and was achieved with 3-cycle vial refill 

with argon or nitrogen. The absence of inert gas atmosphere in the reaction reduces drastically the 

yield (intermediate a) due to the percent increment of symmetric disulfide (RSSR) formed in situ as 

by-product reaction. Indeed, the atmospheric air induces a higher level of S-S bond production via 

oxygen oxidation. 

The use of inorganic base in reaction mixture improves the reaction yield but required a low 

amount of water of crystallization for the inorganic salt. The presence of water from hydration state 

and\or from water crystallization from the inorganic base induce the formation of the respective 

symmetric disulfide. Indeed, the common reaction for the generation of disulfuric bond is 

conducted in presence of strong basic water conditions like as sodium hydroxide at 5M 

concentration106. In the same way a little amount of water percent in our reaction induce the 

formation of disulfide bond from the starting material 4-Nitrothiophenol. The better base found to 

reduce this problem is potassium carbonate 99.995% ultra-dry generated after 3 days in the 

chemical stove at 200°C (entry 11). The other bases selected in entry 13-15 given a lower yield 

respect the previously one (entry 11). 

Among entry 16-18 the best equivalent of base was found in entry 16 where 1.2 equivalent of 

potassium carbonate represent the best choice. 

The addition of catalytic amount of cyclic polyether like as crown ethers generally used for the 

complexation of monovalent ions product in situ for improve the nucleophilic effect property is not 

required, on the contrary reduced the yield after purification step (entry 19).  

As last part of this chemistry development the equivalent of 4-nitrothiophenol in entry 21 is the 

best solution in terms of economic friendly set up reaction because the lowest amount of reagent 

was necessary to obtain the total yield of intermediate a. 

The starting material with the aromatic thiol moiety required a preliminary reaction step to conduct 

the reaction with the lowest amount of thiol oxidized to disulfide impurity. 

Reagents with thiol moieties in most case are commercialized with low purity. Especially, for 4-

nitrobenzenethiol where the only available reagent presents a technical grade of 80% and the 

remained part is in disulfide form. In this way, a preliminary reduction122 reaction is required using 

magnesium in dry methanol at RT in presence of benzene (scheme 2) to give the thiol form and 

have an almost 100% pure thiol reagent. 
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Scheme 2. Reagents and conditions. 1,2-bis(4-nitrophenyl)disulfane (1 eq.), Magnesium (3 eq.), dry methanol\benzene 

(10\1 v\v), RT, 1 h. 

In the second step (Step II, Scheme 1) to achieve compounds 1a-1e, the compounds obtained (a-e) 

in Step I were solubilized in THF and methanol (1:1 v/v) at 0 °C and then was further hydrolysed 

with LiOH (1.05 eq.) added in three sequential portions to obtain the carboxylic acid (1a-1e) 

necessary for all final compounds. This procedure improves the reaction yield compared to the 

previous method used for HIT optimization (hit optimization development, see paragraph 2.4.1) 

where the base selected was NaOH in ethanol. The intermediate 1a-1e were purified with double 

extraction at different pH condition. The organic phase was extracted before at pH 9 with Na2CO3 

and after the water phase was adjusted at pH 3 using Citric acid or HCl 0.1 N. This work up 

procedure provided the final products (1a-1e) pure yield around 95%. 

For the final step (Step III, Scheme 3) 2-Amino-6-(methylsulfonyl)benzothiazole was coupled with 

each intermediate (1a-1e) in DMF dry at 0 °C using EDC.HCl and HOBt as condensing agents in 

dry conditions first. After 30 minutes of reaction in cooling bath at 0 °C the reaction was stirring at 

room temperature for 8-12 h to produce the final products LC1343, C1, C2, C39 and C42 

derivatives (Scheme 3).   

 

Scheme 3. Reagents and conditions: 1a-1e (1eq), EDC.HCl (1.1 eq.), HOBt (1 eq.), DMF dry, 0°C - RT, 12h; 

Compound R R’ 

LC1343 -NO2 -C6H5 

C42 -NAcetyl -C6H5 

C1 -NO2 -H 

C2 -NO2 -CH3 

C39 -NAcetyl -(CH3)2 
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This coupling mechanism allows the reaction between carboxylic acid of the intermediate (1a-1e) 

and the 2-Amino-6-(methylsulfonyl)benzothiazole in DMF dry forming the corresponding amides 

compounds (LC1343, C1-2, C39, C42). 

The reaction requires N-(3-Dimethylaminopropyl)-N’-ethylcarboiimide hydrochloride (EDC.HCl) 

an activating agent of the carboxylic group; its role is to make accessible the reaction between 

amine and carboxylic acid; which attacking the poor electron centre of EDC, gives a highly 

electrophilic intermediate, O-acylisourea, which readily reacts with amines (nucleophilic 

substitution). Theoretically, this type of reaction does not require a dry system. From the 

experimental point of view the use of a not perfectly dry solvent reduces drastically the reaction 

yield. 

Problems with the use of EDC.HCl is that the O-acylisourea can rearrange irreversibly to an N-

acylurea. N-Acylurea formation and racemisation may be reduced by using intermediate 

nucleophiles, which convert the O-acylurea to an activated ester. Commonly used additive is 1-

hydroxy-1,2,3-benzotriazole (HOBt). The nucleophilic hydroxyl group of HOBt attaches the 

carbonyl in an acyl nucleophilic substitution displacing urea derivate as the leaving group. Then, 

the amine group of 4-aminobenzoic acid attaches the carbonyl forming the amide and displacing 

the HOBt (Figure 40). 

 

Figure 40. General mechanism of coupling step with EDC.HCl and HOBt. 
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3.2.2. LC1343 benzothiazole derivatives synthesis  

The second series of compounds structure correlated to LC1343 could be summarized as follows: 

benzothiazole modification and replacement (Fragment C), substitution of nitro group with N-

acetyl moiety and free amine (Fragment A) (Figure 41). 

 

Figure 41. LC1343 development strategy in fragment portion. 

 

The synthesis of 2-aminobenzothiazole derivatives have been made by mixing the solution of the 

appropriate substituted aniline in glacial acetic acid and the solution of potassium thiocyanate 

(KSCN) in acetic acid followed by the addition of Br2 in acetic acid at low temperature (0-5°C) 

with vigorous stirring. The benzothiazole was obtained in higher yield and selectivity (Scheme 4, 

Table 5).  

 

Scheme 4. Reagents and conditions. (i) Br2 (1 eq.), KSCN (4eq.), AcOH, 5°C - RT, 18 h 

Table 5. Benzothiazole exploration chemistry. 

Aniline Benzothiazole ID 

R= 4-COOH R= 6-COOH A 

From A benzothiazole R= 6-CONH2 B 

From A benzothiazole R= 6-COOC(CH3)3 C 

From A benzothiazole R= 6-COOCH3 D 
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R= 4-CH2COOCH2CH3 R= 6-CH2COOCH2CH3 E 

R= 4-CF3 R= 6-CF3 F 

R= 4-Br R= 6-Br G 

R= 4-Cl R= 6-Cl H 

R= 4-F R= 6-F I 

R= H R= H J 

From I benzothiazole R= 6-N imidazol K 

R= 3-CF3 R= 5-CF3 L 

R= 3,4-CH3 R= 5,6-CH3 M 

R= 2,4-OCH3 R= 4,6-OCH3 N 

R= 2-Cl R= 4-Cl O 

R= 4-OH R= 6-OH P 

 

Benzothiazole derivatives B and C was obtained starting from scaffold A trough Schotten-

Baumann reaction (B) and C derivate with in-situ generation of isobutylene from tert-butyl 

acetoacetate using catalytic sulfuric acid.  

 

The benzothiazole derivate K was obtained in 2 steps procedure. The first step presents the 

benzothiazole synthesis reported in scheme 6 previously describe to obtained benzothiazole I that 

was reacted successively in SNAr condition using K2CO3 in DMF under MW irradiation in 

presence of 3 eq. of imidazole in order to achieve the quantitative yield of functionalized 

benzothiazole K.  

 

Also, a 2-phenylbenzothiazole (4) with structure elongation was realizing a more rigid compound 

as an exploration for improve the FRET efficacy.  

The 6-(methylsulfonyl)benzo[d]thiazol-2-amine was obtained using strong base aqueous potassium 

hydroxide on reflux condition affording the corresponding thioaniline (3), that was make to react 

immediately with the 4-aminobenzoic acid in polyphosphoric acid (PPA) at 280°C for 2 days. 

The 67% of overall yield to obtained compound 4 in two 2 consecutive steps is extremely 

influenced by the instability of 2-thioaniline derivate (3) (Scheme 5). 

 

 

Scheme 5 Reagents and conditions. (I) 50% w\v KOH \ H2O, reflux, 12 h. (II) polyphosphoricacid (PPA), 280 °C, 48 

h. 
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The 2-aminobenzothiazole derivatives (A-P) obtained were then coupled with intermediate 1a-1e 

in amide coupling mechanism reported in this section 3.2.1 for produce the final products AIC-C 

compound (Scheme 6).  

 

Scheme 6. Reagents and conditions: 1a-1e (1eq), A-P (1 eq) EDC.HCl (1.1 eq.), HOBt (1 eq.), DMF dry, 0 °C - RT, 12h. 

 

3.2.3. LC1343 derivatives failed reactions. 

After different modification on the para nitro thiophenol and benzothiazole moiety (fragment A and 

C, respectively), the results from FRET experiments and cytotoxicity, the importance of steric 

hindrance on the linker skeleton was confirmed. I decided to make other chemical modification to 

explore the possibility to introduce an additional clicker on the phenyl linker point or replace the 

phenyl ring with bioisosteric thiophen. 

In the first attempt, I started with the commercially available ethyl 2-bromo-2-(thiophen-2-

yl)acetate, and the linker was obtained with high yield using the method already reported (see 

paragraph 3.2.1.).  

Unfortunately, the last coupling step did not produce the final compounds (Scheme 7).  

The reactions mixtures analysed in a MS experiment showed a percent less than 35% of desiderate 

compound (2f). Different types of purification were adopted in attempts to purified 2f. After 

chromatography in normal or reverse phase or using crystallization methods in mono or combined 

solvents the pure 2f not was isolated. Moreover, the NMR analysis or LCMS experiment of the 

pure compounds detected using UV absorption or TLC strain after chromatography experiment 

presents an increment of impurity form during the time. The compound instability allows the 

possibility to obtain the pure bioisosteric LC1343 compound. 
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Scheme 7. Bioisosteric replacement of phenyl moiety LC1343. 

 

Step III was conducted using 4 different coupling agents (EDC.HCl, TBTU, HBTU, PyBOP) 

without any positive result. Furthermore, an attempt using the respective acid chloride in order to 

react the acyl chloride derivative with amine was also without success; MS spectra showed 

different unknown fragments. 

In order to improve the solubility of the final scaffold, the synthesis of one compound with 

carboxylic group and N acetyl replacement, derivative of LC1343 was attempted, but it was 

without success due to the degradation of the reagents. Also, the reaction failed using the respective 

acyl chloride of 1f. 

Two aliphatic types of esters as leaving groups (methyl and tert-butyl, C8 and C33, respectively) 

were hydrolysed using a base (LiOH or NaOH). 

Also, the tert-butyl moiety was selected in order to obtain the acidic cleavage that can proceed 

theoretically to give the quite stable tert-butyl carbocation generation and the carboxylic acid 

product (Scheme 8).  

 

Scheme 8. Failed hydrolysed step starting from AIC-C8 and C33. 

 

 

All the above described different chemistry methodologies conducted in different conditions to 

achieve the expected compounds to bypass the instability problem of the chemical scaffolds failed.  

 

3.2.4. LC1296 derivatives synthesis   

I have synthesized different LC1296 derivatives following the design described in chapter 2.4.1.  
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In the first attempt, the PABA elongation was explored together with the replacement of phenyl 

with methyl group (C1, C3, C4) (compound with no substituent on the link R1 was obtained from 

the other collaborator at Unimore with R1 = H). Then, the Trimethoprim moiety (methoxyphenyl)-

methanamine was introduced on R2 (C9, C11).  

Simultaneously, fragment-based was elaborated for the elongation on fragment C to obtain the 

compounds (C7, C13, C14, C25 and C27). 

The compounds reported in this Table 6 was synthetized using the chemistry reported in paragraph 

3.2.1. and showed below (scheme 9) using the respective ammine derivatives for the coupling step 

3 (scheme 3). 

 

Scheme 9. Reagents and conditions. (i) K2CO3 (1.2 eq.), Acetone, 0°C - RT, 1-3 h. (ii) LiOH aq. (1 eq.), THF/MeOH 

(1:1 v/v), 0°C - RT, 1 h. (III) 1a-1e (1eq), EDC.HCl (1.1 eq.), HOBt (1 eq.), DMF dry, 0 °C - RT, 12h.  

Note: the ester a generate the respective free carboxylic acid 1a, the same schematization was adopted for b-e to generate 

1b-1e, respectively. 

 

Table 6. LC1296 chemical modification. 

 

R= R1= R2= 

C1 NO2 C6H5 

 

C3 NO2 CH3 

 

C4 NO2 CH3 
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C9 N-Acetyl C6H5 

 

C11 N-Acetyl C6H5 

 

C7 NO2 C6H5 

 

C13 N-Acetyl C6H5 

 

C14 N-Acetyl C6H5 

 

C25 NO2 C6H5 

 

C27 N-Acetyl C6H5 

 

 

To obtain the final compounds C25 and C27 after the coupling step between carboxyl acid and the 

respective 4-bromoaniline another step was necessary to obtain these final compounds (step II, 

Scheme 11). Normally this aromatic substitution (step II, Scheme 11) reported below could be done 

using different bases and solvent but in our scaffold the use of higher equivalent of base causes low 

reaction yield due to the chemical structure instability. 

The method reported here (Scheme 10-11) using Cu(II) complex was found the better choice for 

reduce the stability structure problem123.  

The chemical step requires the synthesis of Cu(II) complex [CuII(BHPPDAH)] with the pyridine-

based polydentate as catalyst for the C-N bond formation (Scheme 10).  

The Cu(II) complex is formed in 3 consequential reactions starting from pyridine-2,6-dicarboxylic 

acid that was make to reaction with thionyl chloride (SOCl2) as a solvent\ reagent of reaction for 

the obtainment of the respective dichloride derivate that was dried in vacuum. The dichloride was 
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then reacted without purification with an excess amount of 2-aminophenol in dry DCM for obtain 

the BHPPDAH in total yield. The reaction was dried and immediately make to react in ethanol at 

reflux in presence of Cu(OAc)2 to afford the desiderate catalysator for the aromatic substitution. 

 

 

Scheme 10. Synthesis of Cu(II) complex of pyridine-based polydentate catalyst. 

The intermediates compounds 3a and 3b obtained with the methodology already reported with 

EDC.HCl (section 3.2.1) was reacted with 1.2 equivalent of morpholine and imidazole in DMSO 

for obtained the final compounds C25 and C27, respectively (step II, scheme 11). 

 

Scheme 11. Reaction conditions: (I) EDC.HCl (1.1 eq.), HOBt (1 eq.), DMF dry, 0°C - RT, 12h; (II) a (imidazole) or 

b (morpholine) (1.0 mmol), tBuONa (1.0 eq), Cu(II) complex (10 mol%). 

 

3.2.5. LC1343 synthesis scale-up  

Our compound LC1343 tested in vivo required many of chemical studies to achieve the best scale-

up methodology.  

Scheme 12 reported the complete procedure for the synthesis of LC1343. The first 3 step of 

chemistry scale-up development were already reported in the above paragraph 3.2.1. The below 

reported careful consideration helped to implement the compounds synthesis. 

The reagent 4-nitrobenzenethiol required a purification step and its immediate use in the reaction in 

order to reduce the possibility to have the symmetrical disulphide of starting material 4-

nitrothiopenol. 
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The intermediate with free carboxylic acid 1a was obtained with an overall yield of 97% as 

reported above (section 3.2.1.).  

To complete the scale up methodology the coupling reaction (step IV, scheme 12) was improved 

from 9% yield using the respective acyl chloride 2a to 68% studying different coupling agents 

(DCC, EDC.HCl, TBTU, HBTU, PyBOP) using or not additive agent and solvent-time conditions. 

 

 

Scheme 12. Reagents and conditions. (I) 4-Nitrothiophenol (1 eq.), Magnesium (3 eq.), dry methanol\benzene (10\1 v\v), 

RT, 1 h. (II) K2CO3 (2.5 eq.), Acetone dry, 0 °C - RT, 1-3 h. (III) LiOH aq. (1 eq.), THF/MeOH (1:1 v/v), 0 °C - RT, 1 h. 

(IV) TBTU (1.45 eq), DMF dry (1.3mL\0,1mmol of acid), DIPEA (1.2 eq), 3h. 

 

The previous method adopted for the synthesis of LC1343 used the formation of the corresponding 

acyl chloride (scheme 12, 2a) generated through the reaction with compound 1a in thionyl chloride 

as solvent\reagent. The intermediate 2a without purification was made to reacted with 2-Amino-6-

(methylsulfonyl)benzothiazole in dry DCM using triethylamine (TEA) as base. This previous 

method generated a low yield of 9% due to the by-product formed during the reaction like as the 

reformation of compound 1a (also the percentage of 1a that not have reacted with SOCl2) and the 

nucleophilic addiction of the other amine in position 3 present in the 2-amino-6-

(methylsulfonyl)benzothiazole (by-products reported in scheme 12). 

Carbodiimides reagent like as DCC and EDC.HCl have been used as activators for decades but new 

class of coupling reagents became popular, the phosphonium- (BOP, PyBOP, etc) and the 

aminium-(imonium-) type reagents such as TBTU, HBTU. These reagents achieve high coupling 
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rates accompanied by few undesired side reactions. In contrast to activation by carbodiimides 

(DCC, EDC.HCl), the new peptide couplings reagents require the use of base. 

Diisopropylethylamine (DIPEA) and N-methylmorpholine (NMM) are the most frequently. PyBOP 

provides excellent coupling behavior and good solubility in most of the common solvents and 

converts carboxyl groups into -OBt esters and has no guanylation-activity to amino functions as 

aminium-compounds. However, its severe drawback is the toxicity problem due to the carcinogenic 

HMPA (hexamethylphosphoramide) formed as byproduct during the reaction. TBTU not present 

toxic byproduct and all of them are higher water solubility 

The best conditions found in the development screening coupling is: TBTU (1,45 eq), DMF dry 

(1,3mL\0,1mmol of acid), DIPEA (1.2 eq), 3 h (Scheme 12). Other common coupling solvent 

instead of DMF was tried. The use of DCM and THF given a very low yield due to the low 

solubility of this benzothiazole reagent. Moreover, the reaction presents a higher yield only in dry 

condition, the same reaction using in not dry DMF reduce the yield at 25%. 

 

3.2.6. LC1270 synthesis scale-up  

The chemistry for compound LC1296 (E5) in scale-up condition required a different retrosynthetic 

approach in order to reduce reaction byproducts. (Scheme 13). Moreover, the compound required 

the replacement of amide group present in LC1296 in free carboxylic acid (LC1270) to perform 

the solid phase chemistry reported in 3.2.7. 
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Scheme 13. Reagents and conditions. (i), (COCl)2 (1.5 eq.) THF dry, DMF cat., 0 °C - RT, 1 h. (II) DCM dry, TEA (1.2 

eq.), -10 °C, 2h. 

For the synthesis of LC1270 in scale up condition is not possible to use the coupling reagent like as 

EDC due to the formation of by-product generated in the reaction mixture. 

Principally, the higher yield by-product is formed because the two carboxylic acids (1a and PABA; 

in blue circle in retrosynthetic analysis in scheme 13; for 1a chemistry development see paragraph 

3.2.1.) present in the reaction given reaction selectivity problem. Indeed, also the carboxylic group 

of PABA can react with EDC and finally with the amine of 4-aminobenzoic acid forming the 

PABA by-product (EDC cluster coupling, Scheme 13). To avoid this, the first process sees the 

conversion of a carboxyl group in the corresponding acyl chloride 2a, by using oxalyl chloride in 

the presence of catalytic DMF in anhydrous tetrahydrofuran (THF) as solvent (Vilsmeier-Haack 

reaction). We adopted this method rather than thionyl chloride (most used) to ensure a milder 

reaction condition. In this procedure, the oxalyl chloride is usually used in a slightly excess (in our 
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case 1.5 eq.), whereas the latter is used as reaction solvent. Moreover, the oxalyl chloride reaction 

is performed at 0 °C, while in this case the second method needs reflux temperature.  

The reagent produces volatile side products (CO, CO2 and HCl are generated) easy to remove and 

reaction time is usually one hour. At the end of the reaction, the solvent is evaporated under 

reduced pressure. Then anhydrous dichloromethane (CH2Cl2) was further added and evaporated 

three times to remove oxalyl chloride excess and side byproducts. The reaction is catalyzed by 

dimethylformamide (DMF), which reacts with oxalyl chloride to give the iminium intermediate 

that reacts with the carboxylic acid, abstracting an oxide, and regenerating the DMF.  

The reaction requires a water-free environment at 0°C and it takes 1 hour. The product (2a) thus 

obtained was used in the next reaction without others purification. The formation of acyl chloride 

was analyzed using the reaction mixture at LC-MS, observed the total conversion of the carboxylic 

acid.  

The subsequent reaction involves the amine of PABA, which acts as nucleophile, to react with the 

proper acyl chloride (2a). A nucleophilic acyl substitution occurred with the formation of an amide 

bond. The reactions were carried out in anh. THF in presence of triethylamine (TEA) dry. TEA is 

necessary to neutralize HCl generated by the reaction, that otherwise would be neutralized by the 

nucleophilic amine itself (it would result in a negative outcome of the reaction). At the same time, 

TEA catalyzes also the reaction, because it reacts with the acyl chloride to give a quaternary 

ammonium salt bonded to the carbonyl group. This intermediate is unstable and regenerates the 

acyl chloride (chloride ion replaces the group) or reacts with the nucleophilic amine to give itself a 

SNAc. Moreover, the reaction requires a water free environment in order to reduce the yielding of 

starting carboxylic acid material formation. Using a double drop system for TEA and PABA 

respected the final compound was achieved at 94% overall yield. 

 

3.2.7. Synthesis of LC1296-(O2Oc)-CAM-FIT 

The reactions for introduce the linker probe in compound LC1296 was design and setting using 

solid phase chemistry. In this method the molecules are covalently bound on a solid support 

material and synthesized step-by-step utilizing selective chemistry protective group.  

Benefits compared with normal synthesis in liquid state include high efficiency, throughput, 

increased simplicity and speed. The reaction can be driven to completion and high yields using an 

excess reagent. In solid phase chemistry all the building blocks are protected at all reactive 

functional groups. The order of functional group reactions can be controlled by the order of 

deprotection.  

The chemical resin used is the Cysteamine (CAM) 2-chlorotrityl resin swelled in DMF and 

suspended in a DMF solution contained Fmoc-amino-3,6 dioxaoctanoic acid (Fmoc-O2Oc-OH), 
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N,N'-Diisopropylcarbodiimide (DIC) and hydroxybenzotriazole (HOBT). After reaction time the 

solid phase was filtered and washed to obtain the linker polymer. 

The polymer obtained necessary for introduce a linker elongation between compound and probe 

was successively suspended in a 40% solution of piperidine in DMF for obtained the complete 

deprotection of the amine moiety (amine linker polymer).  

In the final step the solid support (amine linker polymer) was suspended in a solution of LC1270, 

in presence of the coupling reagents (1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate (HATU) and diisopropylethylamine (DIPEA) in DMF. 

The functionalized resin was released after a treatment with a mixture of trifluoroacetic acid 

(TFA)/H2O/phenol/triisopropylsilane 88:5:5:2 v/v (10 mL per 0.2 g of resin). The crude of reaction 

was purified by preparative HPLC giving, after lyophilization, the LC1296-(O2Oc)-CAM. 

In the last step for obtain the final compound with FITC probe a thiol–maleimide Michael addition 

click reaction was adopted and purified directly by preparative HPLC using the same experimental 

conditions as for the purification of LC1296-(O2Oc)-CAM. After lyophilization, a yellow 

amorphous solid was obtained in quantitative yield (Scheme 14). The same procedure was used for 

obtained compound LC1296 with BODIPY probe replacing FITC-maleimide with BODIPY-

maleimide.  
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Scheme 14. Reagents and conditions:(i) cysteamine 2-chlorotrityl resin (1eq.), Fmoc-O2Oc-OH (4 eq.), DIC (4 eq.), 

HOBt (4 eq.), DMF, RT, 30 min; (ii) 40% piperidine in DMF, RT, 5 min; (iii) E3 (2 eq.), HATU (3 eq.) DIPEA (2 eq.), 

DMF, RT, 3 h; (iv) trifluoroacetic acid (TFA)/H2O/phenol/triisopropylsilane 88:5:5:2 v/v (10 mL / 0.2 g of resin); RT, 

30 min; (v) LC1296-(O2Oc)-CAM (1 eq.), Fluorescein-5-Maleimide (0.06 eq.), CH3CN/H2O, RT, 5 min. 
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3.3. Biological evaluation  

3.3.1. hTS Inhibitor Activity 

All the synthesized compounds were tested for hTS inhibitor activity by colorimetric assay, 

monitoring the enzyme kinetic reaction at 340nm in the time in presence and absence of inhibitor 

compound. Raltitrexed, known hTS inhibitor (mTHF cofactor analogue), was used as a positive 

control at concentration values equal to 0.33 and 0.66 µM. It shows a Ki value against the human 

enzyme equal to 0.06µM, with IC50 value of about 0.3 µM.  

All the compounds with good enzymatic activity were assayed at least five concentration points: 50 

µM, 25 µM, 12.5 µM, 6.25µM and 3.125 µM. The percentage of enzymatic inhibition was plotted 

versus the natural logarithm of the concentration and the points interpolated with GraphPad for the 

IC50 determination. 

The second parameter needed to assess the dissociative character of our compounds is the FRET 

signal reduction. This indicates that the two hTS monomer are dissociated under the inhibitor 

effect. 

 

In the attempt to understand the linker moiety validation of LC1343 for cellular activity, 

compounds with linker substituent diversification were also evaluated for enzymatic affinity. The 

compound C1 without substituent in the linker and compound C42 with nitro replacement present 

hTS IC50 comparable with LC1343 activity. Also, the phenyl replacement with bis methyl and 

methyl reduce and completed remove the enzymatic affinity, respectively (Figure 42).  

 

Figure 42. hTS enzymatic correlation in linker modification. 
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Data analysis suggest that our different substitution of benzothiazole moiety do not induce drastic 

inhibition activity but almost maintain constant the percentage of inhibition, similar to LC1343. 

The only exception is C2.  

All the different modifications performed did not achieve a better enzymatic property.  

The low solubility caused difficulties in the measurements of IC50 value for some derivatives. In 

other cases, this caused a reduction of the enzymatic affinity (Figure 43). 

 

 

Figure 43. IC50 values of AIC-C compounds. 

 

Compound C42 with the replacement of nitro group on LC1343 with N acetyl presents the same 

activity of our lead compound within the experimental error value. In the same way compounds C5 

and C12 with the common structure of 5,6-dimethylbenzothiazole and phenyl acetamidic linker but 

different from the nitro group gave a comparable enzymatic activity. This underlines that the nitro 

moiety replacing with the N-acetyl is not essential for the hTS inhibition.  

Moreover, compound C38 without the functionalization of benzothiazole scaffold led to a complete 

loss of activity against hTS. The compound C37 presents equal enzymatic inhibition and the 

structure comparable with LC1343 but with improved activity on FRET value. 

The SAR studies are complicated and cannot be understood easily (Figure 44). 
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Figure 44. The AIC-C compounds showing the highest hTS inhibition potency. 

 

In these compounds, we can find a recurrent scaffold structure correlation given by the phenyl 

acetamidic linker and the mercapto phenyl moiety that was also fundamental to obtain compounds 

with cancer cell growth inhibition.  
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3.3.2. FRET results 

The capability of the titled compounds to change hTS homodimeric stability by dissociative 

mechanism is evaluated by FRET (Fluorescence resonance energy transfer) assay. It consists of 

distance-dependent interaction evaluation between the electronic excited states of two dye 

molecules in which excitation is transferred from a donor molecule to an acceptor molecule. The 

hTS target protein was engineered in order to bind each one fluorescent probe per single monomer. 

In this way, the two fluorophores lie at proper distance for resulting fluorescence signal transfer 

from donator (Fluorescein maleimide) to the acceptor molecule (Tetramethylrhodamine 

maleimide). The FRET signal was measured by exciting the donor partner at absorption 

wavelength equal to 450nm and, suddenly, by reading the emission spectrum of 

Tetramethylrhodamine acceptor partner at specific wavelength of 590nm. Based on these previous 

considerations, it is clear that a potential compound able to disrupt or perturb the monomer-

monomer interactions of the target protein will cause a reduction of FRET transfer efficiency, from 

an experimental point of view corresponding to a reduction in emission signal intensity of 

Tetramethylrhodamine at 590nm.  

All the compounds were tested for FRET assay. The compounds were screened at three different 

concentrations (10, 20 and 40 µM) after 1 hour of incubation with the recombinant protein, hTS. 

The results are expressed as ΔΦFRET (ratio between the FRET efficiency in presence of the 

inhibitors and the FRET efficiency of the enzyme alone), and they are reported in Table 14. The 

value ranges from 0, in non-dissociative conditions for the dimeric form, to -1 in complete 

dissociative conditions. The experiment data value can reach a ΔΦ maximum -0.8 due to the 

parameter of experimental property124. FRET values were obtained after 1-hour incubation in the 

same conditions of the hTS inhibition assay conditions.  

The FRET data analysis evaluation needs attention due to physical equilibrium aspect at different 

concentration compound value. In more cases a lower concentration of ligand could generate a 

higher signal FRET value (see compounds C31). At higher concentration physical phenomena like 

aggregation or solution equilibration time different in the different compounds could give a low 

FRET signal efficiency generating an artefact in the reading.  

A FRET value with positive number indicate no PPI activity. The positive values are reported in 

grey in Figure 45. 

Dose response curve for compound C31 showed the following values: -0.76056, -0.29682 and 

0.02377 (10, 20 and 40 µM, respectively) indicating a good FRET inhibition signal at low 

concentration but poor FRET value +0.02377 at the highest concentration of 40 µM. This trend that 

looks the opposite of a logical trend in which the maximum FRET decrease is observed at the 

highest concentration is due to the low compound solubility of the compound that causes the 

aggregation effect and FRET decrease with concentration increase (see above). In opposite way 
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compound C22 shows the expected dose respond FRET correlation where the concentration 

increase correlated with the lowest FRET efficiency at higher concentration (-0.04837, -0.10015 

and -0.24163).  

 

Figure 45. FRET values of AIC-C compounds at different concentrations. 

 

Figure 46 shows only the compounds with the best FRET value. It is possible to see that some 

compounds (C38, C18, LC1343, C41, C21 and C31) lost FRET activity at 40 µM due to the 

molecular aggregation in experimental determination. Compounds C24, C25, C27 and C28 show 

an optimal dose response correlation with a decrease of FRET value in parallel with compound 

concentration increase.  
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C37 was one of the best compounds obtained with a FRET value of -0.68979 10 µM. At 20 µM the 

same value is observed. This suggests that the dissociative effect is very high and already reach the 

lowest FRET efficiency at the very low concentration of 10 µM. A dose- effect curve in this case 

could be observed only at concentration lower than 10 µM, therefore C37 is the compound with the 

highest dissociative effect of the AIRC library. 

 

Figure 46. Cluster bar of FRET value of best AIC-C. 
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3.3.3. In Vitro Cell Screening 

With the aim to understand the effect at cellular level of AIC-C, the compounds were evaluated at 

40 µM concentration against two cell lines. The cell lines used in the present study are HT29 that 

are resistant to 5-FU and express higher than normal level of hTS and A2780/CP ovarian cancer 

with similarly high hTS expression, as they are resistant to platinum drugs. Compounds that show 

percent of cell survival in the range of 30% or below, at 40 µM are considered active and suitable 

for further progression to further development, compounds showing cell survival between 30% and 

60% are considered moderately active, and those showing cell survival higher than 60% are 

considered low active or inactive. 

As reported in Figure 47, almost all the compounds showed a good cytotoxicity (cell growth 

inhibition effect) against HT29 and A2780 cell lines with percentage of cell survival at 40 µM 

ranging from 0% to 50%. 

 

 

 

Figure 47. Radar representation of cells survival activity; Black (HT29), Blue (A2780). The figure indicates a better 

activity when the compound reaches the external radar cycle on 0% of survival (highlighter with green background). 
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On both cell lines, the preliminary observation is related to the influence of the linker moiety in 

LC1343 between fragment A and C. It possible to confirm the importance of the phenyl linker on 

cytotoxic activity. Also, the presence of bis-methyl substitution (C39) has revealed a good cell 

growth inhibition, probably due to steric hindrance effect, more similar to phenyl group than the 

compound without (C1) or with methyl (C2) substituent on acetamidic linker (no cytotoxic effect). 

Compounds C1-4, C6-7, C20-25, C30, C36 and C40 do not show cytotoxicity. These latest 

compounds show a different structure with respect to LC1343 thus supporting the relevance of the 

LC1343 core for the inhibitory activity.  

 

Firstly, observing the capacity of the AIC-C compounds to inhibit HT29 cell line (Figure 48), we 

observe that 17 compounds show higher inhibition effect with respect to LC1343 used as 

reference. C35 and C26 are the most active compounds. Both compounds have halogen atom on 6 

position on the benzothiazole ring (F and Br, respectively) and maintain the linker with phenyl 

group but show the nitro group replaced by N-acetyl moiety terminal. 

 

 

Figure 48. AIC-C compounds cytotoxicity against HT29 (the highest bar shows a highest survival). 

 

On the other hand, all compounds are more effective on ovarian cancer cell line A2780 with 

respect to colorectal cancer cell line (Figure 49). C35, C41, C42, C26 and C39 cause the highest 

mortality after the treatment.  
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Figure 49. AIC-C compounds cytotoxicity against A2780 (the highest bar shows a highest survival).  

 

Based on the biochemical results compounds C12, C16, C19, C26, C29, C31 and C32 have been 

selected to obtain the toxicity curve and EC50 for each cell lines (HT29 and A2780), HCT116 CRC 

cell line (resistant to 5-FU) and A2780/CP (cisplatin sensitive counterpart) OC cell line (Table 7). 

 

Table 7. EC50 value against cell lines. 

Compound EC50 +/- S.E.M. μM 

 HT29 HCT116 A2780 A2780/CP 

LC1343 34.5 ± 3 35.5 ± 0.3 10.1 ± 0.3  21.5 ± 3  

C12 36.56 ± 1.31 35.01 ± 0,86 23.83 ± 4.81 31.30 ± 1.53 

C16 4.66 ± 0.42  17.36 ± 1,31 3.71 ± 0.31 4.66 ± 0.19 

C19 21.84 ± 3.26 28.51 ± 5,42 9.07 ± 1.47 32.09 ± 2.25 

C26 12.5 ± 1.7   20.5 ± 2.3 

C29 6.6± 1.3   5.1± 0.8 

C31 10.2 ± 2.1   14.9 ± 2.8 

C32 23.17± 2.23   13.19 ± 3.90 

 

The new AIC-C compounds present an EC50 most active respect the lead compound. This result 

ensures another important goal in drug development. 

The best compounds for in vitro activity against the hTS, cell lines and the respective goal was 

reported in table 8 below. 
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Table 8. Structures of the best compounds AIC-C for goals achievement (IC50 hTS, FRET at 20 

µM, % of cell survival at 40 µM and\or IC50). 

 

Compound structure goal 

LC1343 

 

Reference compound 

 

hTS IC50 = 7 µM 

FRET= -0.022 

52%* HT29, IC50 = 34.5±3 µM 

29%* A2780, IC50 = 10.1±0.3 µM 

C16 

 

Cell activity 

 

(µM) hTS IC50 = > 100 

FRET= 0.096 

IC50 HT29 4.66 ± 0.42 µM 

IC50 A2780 3.71 ± 0.31 µM 

C10 

 

Enzymatic activity 

 

(µM) hTS IC50 = 23 µM 

FRET= -0.088 

45%* HT29 cell line 

32%* A2780 cell line 

C37 

 

 

FRET 

 

hTS IC50 =24.1 µM 

FRET= -0.690 

48%* HT29 cell line 

28%* A2780 cell line 

* % cell survival at 40 μM. 

 

These 3 compounds represent the best compounds for the 3 types of property selected for the AIRC 

project (Cell activity, enzymatic activity and FRET). Moreover, compound C37 present all these 3 

features together.  
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3.4. Enantiomeric stability and absolute configuration 

3.4.1. LC1343 chemical proton stability  

During the drug development pipeline compounds characterized by chiral stereocenter need to be 

separated in each pure enantiomeric form before tested in vivo experiment in order to test the 

singular enantiomer.  

Our compound presents a chiral center in phenyl acetamide linker. I started the separation approach 

using enantioselective chemistry with the respective bromo derivative in pure enantiomeric form. 

After three times reaction followed with polarimetric analysis, I have found no optical activity of 

LC1343 (E7). In this way, I have decided to study this reaction problem using the Hydrogen 

Deuterium Exchange at NMR125. This method gives the possibility to understand how much is fast 

and labile the proton exchange of the hydrogen with deuterium atom. This α amide proton is 

characterized with higher acidic value, that is was also show in the Figure 50 confirmed with the 

higher chemical shift. Below is reported the experimental set at three different time point for 

analyze the dioxide deuterium exchange rapidity.  

 

Figure 50. NMR Hydrogen Deuterium Exchange. 

 

The α proton was decreased of 67% at t0 (real time experiment corresponding at 1-minute, time 

necessary to introduce 50 µL of heavy water and process the NMR experiment). At 1h all the α-

proton is exchange with deuterium. This result confirms the characteristic proton instability. In 

order to establish the accurate proton time stability, we studied and reported the experimental 

examination in chiral stability paragraph. 
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3.4.2. Chirality separation of LC1343 

Due to the problems observed in enantiomeric synthesis and the result obtained from NMR 

hydrogen exchange, I decided to separate each enantiomer from the racemic mixture of LC1343 to 

study the racemization time that was not possible to determine accurately using the NMR 

experiment. Moreover, the enantiomeric separation was necessary for drug development in order to 

study which enantiomer S or R is more activity or completely inactive for the biological effect. At 

the same time, this separation gives us the possibility to start novel modelling experiment and drug 

design basing on the correct enantiomeric form of active structure. 

 

Pure enantiomers of (±)-LC1343 were obtained by semipreparative HPLC on Chiraspher OD 

column with fraction collection of the respective peaks. Different combination of ACN or MeOH at 

different water pH was analysed in analytical HPLC before to start the scale-up procedure of 

preparative HPLC method. The best mobile phase found consisted of water:acetonitrile 2:98 (v/v) 

due to baseline enantiomeric resolution with k′1= 0.36; k′2=0.62; α = 1.72; Rs = 4.76 (Figure 51) 

With the analytical method developed I have made the upgrade with preparative HPLC column. 

The compound was dissolved in acetonitrile at the final concentration of 10 mg/ml and injected 500 

μl at the time with operation flow 5 ml/min. The detector was set at 254 nm.  

The separation factor (α) was calculated as k2/k1 and retention factors (k1 and k2) as k1 = (t1 − 

t0)/t0 where t1 and t2 refer to the retention times of the first and second eluted enantiomers. The 

resolution factor (Rs) was calculated by the formula Rs=2(t2−t1)/(w1+w2) where w1 and w2 are 

the peak widths at base for the first and second eluted enantiomers. The dead time of the columns 

(t0) was determined by injection of 1,3,5-tri-tert-butylbenzene. 

Among different commercially available chiral stationary phases (CSP), cellulose tris 3,5-

dimethylphenylcarbamate (Chiracel OD-RH) was chosen, because it possesses broad 

enantiodiscrimination properties.  
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Figure 51. Chromatograms of single (+)-LC1343 enantiomers obtained by chiral semi-preparative chromatography. 

Column: Chiralcel® OD (250 × 4.6 mm I.D., 5 μm), mobile phase: water:acetonitrile 2:98 (v/v), flow rate: 1 mL/min; 

λ = 254 nm. 

 

In order to define optical rotation value different analysis was made. The pure isolated compound 

in polarimetry analysis over the time loser the optical rotation. After different times the specific 

rotation in acetonitrile of first and second eluted enantiomers were acquired with freshly 

enantiomer obtain on a Perkin-Elmer Polarimeter 241 resulting in [α]D20 = +7.95° (c 0.00088 

g/ml; acetonitrile) and [α]D20 = -9.10° (0.00044 g/ml, acetonitrile), respectively. 

This polarimetry lecture problem is the confirmation of alpha proton instability. 

At this point we decide to investigate the racemization problem on this scaffold studying the 

racemization time. 

Racemization refers to the conversion of an enantiomer into a racemic mixture that is associated 

with a loss in optical activity of the chiral compound over time. The rate constant of racemization 

krac refers to this first-order kinetic process can be calculated by plotting the linear logarithmic 

values of enantiomeric excess (ln (e.e.)) versus time, according to the following Eq. (1): 

Eq. (1) ln (e.e.)=−krac·t 

where krac is the rate constant of forward or backward racemization (s−1) and t is the racemization 

time (s). 

The half-life of racemization (t1/2rac) is the time during which the enantiomeric purity of a chiral 

compound reduces to 50% of its original e.e. For a first-order racemization, the half-life can be 

calculated from the Eq. (2):  

Eq. (2) t1/2rac=𝑙𝑛2/𝑘𝑟𝑎𝑐 

Single enantiomers of (±)-LC1343 freshly separated were immediately dissolved in ACN [1 

mg/ml] and then diluted 1:100 with water hTS buffer solution at final concentration of [0.1 μg/ml]. 

The solution was thermostat at 37.5 °C and racemization was monitored injecting the solution at 

fixed times used the previously parameters reported. Four repeats of each experiment were carried 
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out. The kinetic parameters were calculated from the corresponding peak areas and from the 

racemization times (Table 9) obtained enantiomeric half-life less than 1 hour. 

 

 (+)-LC1343  (-)-LC1343 

k (s−1)  2.03 ± 0.18 × 10−4 2.10 ± 0.16 × 10−4  

t1/2 (min)  56.80 54.98  

Table 9. Racemization rate constants of (+)-E7 and (-)-E7 determined in buffer solutions. Time intervals for 

enantiomerization at 37.5 °C = 0′, 10′, 20′, 30′, 40′ and 50′. 

3.4.3. Absolute configuration assignment of LC1343 enantiomers 

Due to the fast racemization problem was not possible to register the circular dichroism (CD) in 

separate time after the enantiomeric chromatography for assign the respective enantiomer 

configuration. In this way, the stereochemical characterization of the enantiomers of LC1343 was 

performed by a combined computational and analytical approach involving quantum mechanical 

(QM) calculations based on time-dependent density functional theory (TD-DFT), enantioselective 

high-performance liquid chromatography (eHPLC) and stopped-flow circular dichroism (CD) 

analysis. The results obtained by applying the protocol detailed (in experimental section) (Figure 

52) allow the assignment of the (S) absolute configuration to the most retained enantiomer of 

LC1343 on the Chiralcel OD-RH column (mobile phase: acetonitrile/water 98:2, v/v). 

Consequently, the (R)-enantiomer is the least retained, and the elution order under these 

experimental conditions can be assessed as: (R), (S). 

A 

 

B 
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Figure 52. (A) Enantioseparation of LC1343 enantiomers on the Chiralcel OD-RH column. (B) Comparison between 

the experimental CD spectra of the enantiomers of LC1343 and the calculated CD spectrum of (S)-LC1343. 

* Experimental CD spectra obtained at University of Bologna from Daniele Tedesco and Manuela Bartolini 

 

3.4.4. Enzymatic and cellular evaluation of singular LC1343 enantiomeric form 

Notwithstanding the racemization time in order to understand which enantiomer is more active for 

continue drug discovering modelling study we decided to measure the enzymatic activity of the 

almost pure enantiomer against hTS. We could obtain the enzymatic data only in synchronized 

work with the biological operator in order to separate the two enantiomers and test each of them 

immediately after the separation against hTS in enzymatic assays. The data are reported in Figure 

53. 
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Figure 53. Percent of hTS enzymatic inhibition of the pure enantiomeric forms (+) E7, (-) E7 and racemic E7. 

 

As shown in Figure 53, the inhibitory potency of each enantiomer and racemic mixture tend to be 

higher after 1 h incubation. Considering that the half-life of each enantiomer is about 1 h at 37 °C, 

we may observe that during the incubation time one enantiomer is converted to the other one, 

therefore the enhanced activity is due in part to the racemization and in part to the reciprocal drug-

target adaptation for the molecular recognition complex formation. The higher activity of the (-) 

enantiomer is due to the fact that it is present as a prevalent form during the incubation time.  

Summarizing, it is possible to see two important results. The first one confirmed, after duplicate 

test with freshly LC1343 enantiomeric purification, that the levorotary (- LC1343) compound is 

more active than the dextrorotary (+ LC1343) at each time point. This is an important guide for 

docking the compound with the correct enantiomeric configuration into the monomeric surface of 

hTS to elaborate molecular modeling studies for the identification of compounds binding modes 

and SAR analysis. 

The second result is a confirmation of enantiomeric instability. It’s possible to see in Figure 49 that 

the dextrorotary (+ LC1343) enantiomer after 1 h of incubation improves the percent of inhibition 

with time (3rd column in first plot columns). Moreover, the enzymatic essay of enantiomeric 

mixture (± LC1343) reproduced a lower activity of the mixture with respect to the pure form (- 

LC1343). However both data are within the experimental standard error (+/- 20%) and should be 

considered similar. 

The experiment was also conducted against HT29 cell line (Figure 54) but due to the operation 

time and cell response to compound treatment it was impossible to show the different activity 

between the two enantiomers. In principle the effective LC1343 IC50 should be referred to the half 

of the total amount delivered to cancer cells. 
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Figure 54. Percent of cell survival of pure enantiomeric form. Experimental standard error (+/- 20%). 

 

3.4.5. Pharmacophore generation 

To identify a rationale in the SAR observed from the data obtained in hTS inhibition and FRET 

experiments performed on our compounds data set, a calculated pharmacophore model was 

obtained. 

Ligand-based drug design (or also called indirect drug design) relies on knowledge of other 

molecules that bind to the biological target of interest and it is grounded on the hypothesis of 

similar ligands exerting similar biological activities. This knowledge may be used to derive a 

pharmacophore model. According to Wermuth’s definition126, “a pharmacophore is the ensemble of 

steric and electronic features that is necessary to ensure the optimal supramolecular interactions 

with a specific biological target structure and to trigger (or to block) its biological response. A 

pharmacophore does not represent a real molecule or a real association of functional groups, but a 

purely abstract concept that accounts for the common molecular interaction capacities of a group of 

compounds toward their target structure”.  

The pharmacophore can be considered the largest common denominator shared by a set of active 

molecules. Pharmacophore model has been successfully used to design novel active molecules 

when an enough active analogues have already been discovered, but the knowledge about the 

structure of the macromolecular target or the binding mode of the ligands is limited. 

 

Due to the absence of a direct evidence of a binding mode of these dissociative inhibitors on the 

interface of the two hTS dimers, in order to identify the key chemical features, responsible to drive 

the enzymatic activity, a pharmacophore model was described. This work was performed in 

collaboration with Prof. Andrea Cavalli’s team. 
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The pharmacophore model has been generated by means of Phase software127 (Phase, Schrödinger, 

LLC, New York, NY, 2018). The program, fed with the previously prepared set of molecules, after 

an exhaustively conformational sampling (for each molecule, at least 100 conformations have been 

generated), identified several common features pharmacophore hypotheses, ranked accordingly to a 

proprietary scoring function. In order to generate reliable pharmacophore hypotheses, only ligands 

with a FRET value lower than -0.1 were marked as “active”. 

Our in-silico protocol let us to generate a common features pharmacophore starting from the 

aligned structures of the ligands that showed the ability to interfere with the dimer formation (i.e. 

resulted in a value lower than -0.1 in the FRET assay). For the model, we considered only the S-

enantiomer for all the ligands, on the assumption that only the S-enantiomer of LC1343 showed a 

remarkable activity in the in vitro assay (see paragraph 3.3.4.). The analysis indicated that the best 

ranked pharmacophore model (ADHRR), consisted of five features: two aromatic rings (namely 

R1, and R2), one hydrogen-bond acceptor (A1), one hydrogen-bond donor (D1), and one 

hydrophobic group (H1) (Figure 55).   

 

Figure 55. Superposition of the best ranked pharmacophore model (ADHRR) features with one of the most active 

ligands in the set, LC1343-(S). The features have been labelled as follows: A - hydrogen bond acceptor; D - hydrogen 

bond donor; H - hydrophobic; R - aromatic ring. 
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3.4.6.  Mechanistic studies using biophysical methods to support the mechanism of action 

of the dissociative compounds 

 

The main goal of this work is to investigate the route of internalization of the dissociative inhibitor 

LC1296-FITC (AIC-B24) and its co-localization with the vesicles or endosomes and interaction 

with the intracellular Thymidylate Synthase protein in the HT29 colorectal cancer cell line. To 

achieve this aim, studies of bioimaging (co-localization and internalization score), and the FRET 

assay were performed. AIC-B24 compound properties are the following: IC50 HT29 = 41.94 ± 

1.19, IC50 A2780= 42.02 ± 1.15; IC50 vs hTS= 116.28 µM) (Figure 56). 

 

Figure 56. B24 hTS inhibitions. 

 

3.4.6.1. Imaging experiments for internalization studies on LC1296-FITC 

 

LC1296-FITC can be considered a good model of the best dissociative inhibitor LC1343, as it is 

tagged with FITC for imaging studies. Therefore, conclusions on the experiments performed can be 

translated to LC1343 behaviour. 

a)  Imaging experiments using LC1296-FITC tagged: co-localization studies. 

Studies of co-localization between the LC1296-FITC (AIC-B24) and endosomes and AIC-B24 and 

lysosomes were performed to define the route of internalization of the compound inside the cells. It 

is expected that the tagged compound enters the cells because a cell growth inhibitory activity is 

observed when it is administered to HT29 colorectal cancer cells. However, it is unknown how the 
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compound enters. If a co-localization with endosomes and lysosomes is observed, then it is clear 

that the compound is internalized via endosomes, lysosomes.  

The experiments were performed as reported below. 

Two different experiments were performed. In the first the DextranAlexaFluor546 was used to 

identify the early endosomes and lysosomes, in the second one the Lysotracker was used to identify 

only the lysosomes. In both, 50,000 cells/well were seeded in an ibis 8 well slide with 300 mL of 

medium. After 24h of incubation the cells were treated with the compound at the concentration of 

25µM. They were treated for 24h and 72h.  After treatment, in the first experiment, the medium 

was replaced by a solution 20mM of HEPES in DMEM medium and the cells were incubated for 

30 minutes. Then, the HEPES solution was replaced by a solution 0.5mg/mL of 

DextranAlexaFluor546 and 1mg/mL of BSA in DMEM.  

In the second experiment the medium was replaced by a solution of lysotracker obtained diluting 

the stock 1:10000. For both, after 30 minutes of incubation the cells were washed two times with 

complete medium and they were kept in the optiMEM medium without phenol red and with low 

bovine serum. The cells were observed with the confocal microscope.  

The same procedure was followed at different time points of 20min ,40min ,1h, 2h, 4h, 6h and 72h 

for the cells treated with the compound and with the lysotracker and they were later run with the 

Imagestream. The relation between the intensity of the probe brightness and the lysotracker area 

was also analysed using the instrument software. an increase of the area parallel to the increase of 

the probe brightness was expected (Figure 53). 

The results obtained using the DextranAlexaFluor546 describe early events of co-localization, 

therefore it may be possible that B24 requires more time to be internalized because the compound 

and the DextranAlexaFluor546 do not colocalize. They are closed but is still possible to 

distinguished them.  
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Figure 57. Results obtained using the confocal microscope to observe the LysoTracker and compound internalization. 

AIC-B24 is observed after 72h (green colour), right-bottom, but Lysotracker is not observed (no red spots on the left 

bottom). 

 

By analysing the cells treated with Lysotracker, with the confocal microscope, the compound co-

localizes with the lysosomes, especially after 72h (Figure 54). In this condition the compound 

colocalized with the lysosomes (33.8% of cells treated at 25 µM for 72h are positive for the 

colocalization). 

Conclusion: Using the DextranAlexaFluor546 as a EEs and Lysosomes marker, it is not possible to 

see the co-localization between the compound and the early endosomes and lysosomes. Using the 

LysoTracker it is possible to see that the compound colocalizes with the lysosomes, especially after 

72h of treatment. Unexpectedly, the amount of lysotracker decrease with the increase of compound. 

Following the AIC-B24 it is possible to observe that 40% of cells treated co-localize at 25 µM after 

72h from the treatment. Therefore, we conclude that the conjugate is internalized and included in 

Lysosomes, early endosomal internalization cannot be tracked. 



99 

 

 
Figure 58. Lysotracker signal detected with the Imagestream after 24h (left) and 72h (right) from administration of AIC-

B24. The colocalization (obtained by overlying the green and the red spots on the left at 72h) of the colour (red and 

green) demonstrate that the compound is into the lysosomes (bottom-right). 

 

b. Internalization score determination. 

Aim of the experiment was to study of capacity of the compound B24 to be internalized into the 

cells in comparison with the amount that remain attached to the membrane. The parameters 

measured were: ì. internalization score given by the ratio between the amount of compound 

detected into the cells and the amount of compound fixed in the cell membrane. The higher the 

number, higher is the amount of compound internalized. ii. Spot count, that is the number of 

vesicles that include the compound.  

The cell line HT29 was run with the ImageStream flow cytometer to define the values of 

internalization score, and the spot count induced by the treatment with the compound B24. The 

internalization score is the ratio between the amount of compound deeply internalized inside the 

cell and the amount stored on the membrane. 

The procedure used for the mentioned experiments are the following. Four experiments were 

performed. 200,000 cells/well were seeded in a 24-well plate with 500 µL of DMEM complete 

medium and incubated for 24h. Then, they were treated with AIC-B24, in the first run at 25 µM 

and in the others at 25 and 50 µM, for 24 and 72h. Then, they were collected and fixed using PFA 

4% and kept at +4 °C. The DRAQ5 probe was added to the cell suspension diluting it 1:10 from the 

stock solution (50 µM) and the cells were run with the ImageStream flow cytometer (INSPIRE 

software). The parameters observed were internalization score and spot (vesicles) counts. Data 

were analysed using the IDEAS software to obtain the following results. The experiments were 

performed four times.  
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The results are the following: with the increase of the time of treatment there is a slightly decrease 

of the internalization score. With the increase of the concentration of the inhibitor, the 

internalization scores remain similar. This means that at 24h the amount internalised is the highest 

possible due to cell internalization system saturation (we expect an endosomal internalization). The 

decrease at 72h is due probably to the decrease of cells number caused by cell death. The first 

detection time (24h after the treatment) is probably too late to describe the internalization 

mechanism properly, because the compound entering is an early event (Figure 55).  

Regarding the spot count apparently, the number of vesicles increase with the time and the 

concentration used for the treatment. This is coherent with the internalization score.  

 
Figure 59. Bio-imaging studies of internalization using the ImageStream flow cytometer. The results show that the 

internalization is already high, and saturation is observed at the lowest concentration tested of 25 µM. Earlier events 

should be observed to detect the concentration dependent effect 

IMAGING and Internalization score determination was conducted at IBMC, Porto by Anabela 

Cordeiro’s team  

 

3.4.6.2. Target engagement through cellular FRET experiments. 

The FRET assay was performed to study the interaction between the compound B24 and the hTS 

cellular protein to demonstrate the target engagement for the dissociative compound. It was 

evaluated between the FITC probe (donor) attached to the compound and the biarsenical ReAsH 

probe (acceptor) attached to the hTS protein. The experiment was carried out as reported in 

reference 52 (Ponterini et al. 2016). 
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To obtain the complex ReAsH-TS, the expression of the tetra cysteine (TC) domain on the protein 

is necessary. The mechanistic details of the FRET experiment against the recombinant hTS and in 

target engagement experiments are reported in Figure 60. 

 

 

Figure 60. Mechanistic details of the FRET experiments to show 1. the dissociative effect of the inhibitor on the 

recombinant hTS; 2. the target engagement in cancer cells. 

The experiment for FRET determination was conducted as follows. The FRET assay was 

performed two times, one without controls and treating the cells at 25 and 50 µM, the second one 

with controls and treating the cells at 50 µM. In both the experiments, 50,000 cell/well were seeded 

in micrometric slide 8 well-plate with 300 µL of DMEM complete medium. Then, they were 

incubated for around 12h. The cells were transfected filling the wells with 300 µL of optiMEM 

solution containing 0.06 µg/0.15 µL DNA/Lipofectamine3000. After 4h of incubation the solution 

was replaced with DMEM complete medium. 24h later, the cells were treated for 24h. After 

treatment, they were washed two times with optiMEM medium and treated with a ReAsH solution 

2.5 µM. Then, they were observed by confocal microscopy.  

The results observed suggest that the transfection of the tetracys-tagged protein was successful, and 

we could observe clear red fluorescent spots deriving from the ReAsH-tetracysTS tagged emerging 

from the background in which non-ReAsH binding hTS protein could not be observed (Figure 57. 

Upper panel, control and transfected). 

When we administered the B24 to observe the interaction with the ReAsH-protein, a FRET signal 

was detected. In Figure 61, the control experiment was conducted, and the signal was observed.  

This should give a FRET signal. Low values of FRET signal were detected between the compound 

and the protein, indicating that the interaction of the compound with the hTS protein can be 

visualized. 
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Upper panel 

 
Bottom panel 

 
Figure 61. Brief description of the cellular mechanism of action of the dissociative inhibitors at the cellular level. Images 

showing the FRET signal revealed in cells non transfected with the tetra cysteine (TC) TS mutant, with the TC mutant 

and then with Folic acid tagged with FITC as positive control (green spots) and LRamide-FITC as negative control 

(upper panel). FRET experiment with B24) (green spots) (bottom panel. FRET data results report as point count for the 

control and AIC-B24 observed. Experiments performed by A. Cordeiro, M. Raimondi and N. Santares, IBMC, Porto. 
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3.4.6.3. Brief description of the cellular mechanism of action of the dissociative inhibitors at 

the cellular level 

 

The chemical biology studies carried out on the dissociative inhibitors in cancer cells, in particular 

on compounds LC1343 and LC1296 show that the compounds engage hTS, dissociate the protein 

in monomers and the protein is rapidly degraded through a proteasome ubiquitin independent way. 

After 12 h from compounds administrations, hTS become undetectable through western blot 

analysis, thus, in comparison with untreated cells, the protein half-life is largely reduced. The 

cellular apoptosis increases, and cancer cells are driven to death. 

This is evident also in comparison with 5-FU and pemetrexed traditional hTS inhibitors where hTS 

levels or increase after a short time from administration (5-FU) or quickly show increased levels 

after some administrations, due to failure of feed-back regulation as a resistance mechanism. 

Details are omitted in this thesis work, however the details suggest that we have a truly different 

mechanism of action and we generated a first series of hTS anticancer compounds with a novel 

mechanism of action after 60 years from the approval of 5-FU, the first hTS active-site inhibitor. 

 

3.4.7. Brief description of in vivo cancer mouse model studies  

Based on the positive results obtained for the novel mechanism of action and biological profile of 

LC1296 and LC1343 in comparison with the clinical drug 5-FU we decided to test both 

compounds in a preliminary pharmacokinetic study (Snapshot-PK). 

The Snap-PK experiments were performed by Prof. Anabela Cordeiro team at IBMC, Porto.  

Initial PK data were performed using intravenous (i.v.) and oral (P.O.) administration of LC1296 

and LC1343. Both compounds after i.v. administration reached their tmax value after about 5 min. 

The AUCtot for both types of LC1343 compound administration is very high (around 39000 and 

1430000) with a good Thalf (plasma half-life) (13-14hrs) that assure a prolonged time of 

compound efficacy and exposure in vivo respect LC1296 (5-8 h).  

Also, the high mean residence time (MRT) parameter (16-20hrs) with the corresponding low 

Clearance (0.39-2.28hrs) confirm LC1343 as good compound for in vivo i.v. administration. 

Details are omitted and only narrative description is given. 

The antitumor activity evaluation of LC1343 in pancreatic cancer model was measured by Prof. F. 

Peters and Dr. E. Giovannetti at the University of Amsterdam. 

In general, for low molecular weight compounds, intraperitoneal (i.p.) and i.v. administrations 

result in comparable PKs. Since we preferred to analyse the antitumor activity of LC1343 using i.p 

administration with a PDAC orthotopic model that recapitulates several human-tumour phenotypic 

characteristics. 
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The ability of the hTS dimer disrupter LC1343 to inhibit tumour growth was evaluated on 

bioluminescent PDAC models genetically engineered to express Gaussia-luciferase (G-luc), 

simplifying the monitoring of the tumour volume.  

The orthotopic pancreatic ductal adenocarcinoma (PDAC) cancer mouse model was generated via 

direct injection of the primary PDAC-2 cells, transduced with a lentiviral vector containing Gaussia 

luciferase (G-luc), in the pancreas of female nude mice (age 6–8 weeks) anesthetized with 

isoflurane128,129.  

Five days after injection, primary pancreatic tumours were detectable in all mice, and G-luc 

activity, proportional to the number of cancer cells, increased with time. This mean signal was 

about 30% significantly lower in mice treated with LC1343 compared with control mice. 

Moreover, starting from day 30, the group receiving LC1343 had significantly lower G-luc 

intensity compared with mice receiving 5-FU (i.e., at day 30, -70% and -48%, relative to control 

mice, respectively) (Figure 62).  

 

Figure 62. E7 and 5-FU effects on tumour growth, detected in blood samples with the G-Luc Standard deviation and 

points of graph is the mean values obtained from the six mice in each group. Points indicate mean values obtained from 

the analysis of the six mice in each group. Bars indicate standard deviation. Asterisks indicate P<0.05 (*) or P<0.01 (**) 

vs control. # indicates P<0.05 vs 5-FU. P values were calculated by repeated measures analysis of variance (ANOVA) 

followed by the Tukey's test for multiple comparisons.  

 

Other observation made are the following: mice treated with LC1343 had only a slight reduction of 

body weight, similar or less evident than that with 5-FU, demonstrating tumour shrinkage inducted 

by these treatments was not accompanied by severe toxicity.  

Tumour growth inhibition was reflected in about 40% longer survival of mice treated with LC1343 

as compared with control mice and 5-FU (10% better than control).  

TSmRNA levels and hTS level were evaluated on the cancer tissue taken from the mice 

experiments  
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As expected, the mice treated with 5-FU did not show a decrease in hTS mRNA expression and 

even showed a more intense staining for hTS, in agreement with earlier studies in which treatment 

with 5-FU induced hTS activity both in mice and patients51,130. Remarkably, in complete agreement 

with the results obtained with model cancer cells, LC1343 treatment led to a reduced expression of 

hTS mRNA in our in vivo PDAC models, down to 40-50%.  

These results not only provide evidence of the higher anticancer efficacy of LC1343 relative to 5-

FU in the cancer animal model employed; they also confirm the consistency of the mechanisms of 

action in cells and in tissues. 

Experimental details are omitted and only narrative description is given. 
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4. DISCUSSION on SAR 
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4.1. FRET\Cytotoxicity correlation 

The cytotoxicity and FRET data of compounds AIC-C were plotted in the graph below (Figure 59) 

to elucidate which compounds of this series could pass to the next step of drug development using 

the FRET\Cytotoxicity correlation in order to remove the compounds outside PPI mechanism.  

The graph reported in Figure 63 presents four sections using a traffic light portrayal (green means 

positive result and red bad result). 

 

Figure 63. Correlation of FRET (X-axis) \Cytotoxicity (Y-axis) in survival representation at 40 µM for cell and 20 µM 

at 1h for FRET assay. Orange: A2780 cell; Blue: HT29 cell. 

 

The green section in the left bottom indicate compounds with higher cellular activity and 

dissociative mechanism. The yellow section presents compounds with higher activity against the 2 

cell lines but without the disrupting the effect of the protein-protein interface. This part could also 

indicate compounds with low solubility that did not allow to obtain a real FRET data. The red plot 

gathers all compounds without cellular activity and is subdivided in 2 levels. The light red on the 

left part presents compounds lacking cellular cytotoxicity but they could be used for structures 

development in order to improve cell activity preserving their FRET properties. The dark red on the 

right part is formed with compounds that do of not have chance for further development because 

the absence of positive results for cytotoxicity and FRET. 

Using this approach, we have selected the compound C37 that presents a higher correlation 

FRET\Cytotoxicity ( -0.689 \ 28% and 48% cell survival A2780 and HT29, respectively) 
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It is important to analyze this data in different concentration range due to the FRET sensitivity and 

compounds solubility. Low solubility compounds may aggregate, and this could give a false FRET 

signal, therefore careful considerations should be given to this aspect.  Below we reported the same 

type of graph but at 10 µM of compounds for FRET assay (Figure 64). This graph highlighted 

another compound C31 in the green section plot previously located in the yellow section with the 

following value, FRET: -0.760; 71.43% and 37.38% cell survival A2780 and HT29, respectively. 

This is a perfect example of a solubility problem in FRET assay sensitivity that allows the 

possibility to obtain the correct dose response and data interpretation due to the physical chemistry 

properties. 

 

Figure 64. Correlation of FRET (X-axis) \Cytotoxicity (Y-axis) in survival representation at 40 µM for cell and 10 

µM in FRET assay. Orange: A2780 cell; Blue: HT29 cell. 

These 2 compounds represent an important goal achievement for the AIRC project.  

Especially for C37 different linker functionalization at hydroxyl group are under investigation to 

obtain compounds with solubility improvement using salt formulation strategy. The compounds 

modification is reported below (Figure 65).  
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In the compound B30 we have introduced the glycine moiety and for B31 the piperazine in order to 

obtain one or two-point of amine salts formation. 

4.2. AIC-C IC50 vs FRET data correlation  

To understand a possible correlation between the catalytic activity inhibition trough IC50 against 

hTS and the dissociative effect using FRET values we plotted the data obtained in Figure 66 shown 

below.  

In the screening set, it was also included compound A40 as a reference compound, which was 

selected because it was able both to inhibit the target enzyme protein (IC50 22 µM) and to reduce 

the FRET efficiency signal (ΔΦFRET -0.571 at 20 µM 1h).  

The FRET data set was analyzed at 20 µM to make a comparison with the average IC50 value of 

AIC-C compounds. The color plots were divided basing on the following cut-off: compounds with 

IC50 <60 µM with FRET value <-0.1 are in green scale and are selected for further step 

development; compounds with IC50 higher than 70 M are in the red section.   

 

 

Figure 65. AIC-C37 modification for amine salts formation. 
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Figure 66. Correlation of FRET (X-axis) \hTS IC50 (Y-axis). 

 

We reported below the structure of compounds that are present on the green part of the graphic in 

order to underline the structure with the ability to inhibit hTS activity and induce the PPI effect 

(Figure 67). 

 

C3 C39 C21 C31 

    

ΔΦ= -0.098 

(µM) IC50 =65 

ΔΦ= -0.095 

(µM) IC50 =57 

ΔΦ= -0.327 

(µM) IC50 =53 

ΔΦ= -0.297 

(µM) IC50 =51 

 

C28 C27 C7 C10 

  
  

ΔΦ= -0.185 

(µM) IC50 =45 

ΔΦ= -0.174 

(µM) IC50 =36.36 

ΔΦ= -0.174 

(µM) IC50 =32.38 

ΔΦ= -0.088 

(µM) IC50 =22.39 

 

C37 LC1343 A40 



111 

 

 
  

ΔΦ= -0.690 

(µM) IC50 =24.1 

ΔΦ= -0.022 

(µM) IC50 =10 

ΔΦ= -0.571 

(µM) IC50 =22.22 

 

Figure 67. AIC-C compounds with FRET and hTS inhibitions. 

In general, the low number of compounds with double effect (IC50 and FRET) activity confirm that 

it is difficult to obtain compounds with well-defined molecular properties.  

The C37 compound presents a very interesting dissociative potential (ΔΦFRET -0.690 at 20 µM 

1h) with IC50 24.10 µM that is an improvement with respect to A40 that was the best compound for 

fret\IC50 correlation. In this way C37 is the best compound of the entire AIRC compounds set.  

 

4.3. Solubility strategy and relative data activity 

In order to improve the solubility of our best PPI we adopted 2 type of solution:  

• replace the nitro group with the amine of the best compounds previously obtained 

(LC1343 and LC1296) 

• salification method 

Due to the difficulties to obtain the conversion of nitro to amine in these compounds we decided to 

make this chemistry only for the first two compounds to analyze if the respective compounds with 

the amine maintain the cellular activity. In this way from compound LC1343 we obtained 

compound B33 and from LC1296 compound B32. We analyzed in the same time the experimental 

solubility property, IC50 against HT29 and A2780, the two cell lines selected for compound 

screening in the project. In the two cases reported the nitro replacement gave a better solubility 

preserving the IC50 range of inhibition activity against hTS (4-15 µM) and showing a notable 

decrease of the cellular activity (Table 10) in case of compound B33 and a similar activity in case 

of B32. With these results, we decided that the amine introduction was a good opportunity to 

improve the lead solubility, but it does not contribute, or it contributes negatively to the in vivo 

cellular activity. The positive aspect is that we were able to change the nitro group in amine 

therefore to widen the compounds decoration diversity. The FRET efficiency effects have still to be 

measured for compounds B31 to B33. These are still transient molecule that can help in vectoring 

towards different substituents while maintaining a good solubility. 

The piperazine 2-carboxylic fragment on the benzothiazole (B31) is the best one against cancer 

cells, including HT29 colorectal cancer cells that are usually difficult to inhibit. This is not the 
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result of the introduction of the ionizable nitrogen, but it looks more related to the compound 

structure implementation.  

Table 10. Molecular and biological properties of the leads LC1296, LC1343 and the best 

compounds derived from the lead optimization work (C37 and derivatives B31-B33). AS: Aqueous 

Solubility (µM). Cellular activity reported as IC50. 

ID 
AS 

MilliQ 

AS 

hTS 

buffer 

LogP 

(µM) 

IC50 

hTS 

HT29 

IC50 

A2780 

IC50 

 

LC1343 

10 10 4.89 7 34.5±3 10±0.3 

 

B33 

>20 >20 4.16 11.17±2.51 >80 >80 

 

LC1296 

20 10 4.04 9.45± 1.53 70.5±1.6 28.8±4  

 

B32 

40 40 3.30 13.45±3.26 47.5±3.1 65.7±5.4 

 

C37 

See 

note* 

See 

note* 
4.93 24.1± 4.21 38.5±3.6  27.3±4.5 

 

B31-TFA 

20 10 

4.76 

 

-2.45 

(ionic 

form) 

12.67±6.47 28.3±2.6 27.5±3.4 
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B31-HCl 

>20 >10 

4.76 

 

-2.45 

(ionic 

form) 

10.20±3.36 25.2±3.7 27.1±2.6 

*The experimental solubility of C37 is higher than that of LC1343, despite the similar calculated value. LC1343 

solubility is lower than 40 µM depending on the buffer (FRET detection is possible only at 10 µM), while C37 solubility 

is >120 µM. 

 

Starting from our new lead C37 we adopted salification method to further increase the solubility. 

C37 was linker with piperazine obtained B31. Using this compound functionalization, we analyzed 

two different salts. Salt formation is the most common and effective method for increasing 

solubility and dissolution rates of acidic and basic drugs. We compared the experimental solubility 

of trifluoroacetic acid (TFA) and hydrochloric acid (HCl) compound salts. More than 120 salts 

have been approved by the FDA during the 12-year period from 1995 to 2006131, where the 

hydrochloride salt is the predominant salt form among the basic drugs and the sodium salt is the 

predominant form for acidic drugs. 

The chloride salt result in our experiment more soluble with respect the trifluoroacetic salt. The two 

compounds were tested again the two cell lines founding a very good activity comparable of the 

original compound C37 but with a better IC50.  
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5. CONCLUSIONS 
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The global aim of my thesis project is to develop new inhibitors able to induce a perturbation in the 

dimer-monomer equilibrium in favour of the monomeric form, thus inhibiting the catalytic function 

and preserving the regulatory activity at the same time. Nowadays, hTS inhibitors in chemotherapy 

regimens are the substrate analogues that led to bind and stabilize the active conformation of hTS, 

reducing the interaction between the monomer form and its own TSmRNA. In addition, the 

inhibitors block the negative feedback regulation with consequent protein overexpression and drug 

resistance. 

The discovery of novel non-hTS active site inhibitors would be extremely important to develop 

drugs with the aim to overcome the resistance onset.  

In this thesis is reported the first new optimized lead compounds able to act against hTS as protein-

protein interaction inhibitors, starting from the lead LC1343. 

With this purpose, I have design and synthesized 45 novel compounds basing the new design on 

the pharmaceutical activity analysing of the previous structures and data obtained in HIT 

prioritization project. I have evaluated and monitored the project workflow development analysing 

compounds capacity to inhibit the cancer cell growth inhibition to understand which of these 

compounds are able to inhibit the cell growth on HT29 and A2780/CP cell lines. Also, the catalytic 

activity against hTS was analysed but the development focused the major attention for the 

improvement of PPI activity related to FRET analysis. 

Data analysis suggests that AIC-C series in the entire AIRC project is resulted to be the best one.  

The series is characterized by great cytotoxic activity on CRC and OC cell lines in the survival 

range of 60-20% and I obtained the compound C37 as the new lead compound. C37 reaches all the 

objective set for the project with total FRET efficiency decrease, high growth inhibition against the 

cell lines and with hTS inhibition comparable to the previous lead LC1343. (Figure 64). 

The project was developed without the use of crystal structure guideline due to the impossibility to 

obtain the experimental crystal of hTS monomer form with our ligand. 

In this AIRC project more than 180 compounds were obtained in the previously years before my 

PhD work and basing on the features mentioned in this thesis, I have design and synthetized the 

first structures in order to understand the best linker for this PPI, confirmed the phenyl 

acetamidic linker as important features. This compounds scaffold was analysed with different 

medicinal chemistry approach with structural simplification, cyclization and homologous 

replacement but all this modification adopted resulted completely inactive. Then, a benzothiazole 

exploration was conducted and nitro modification on fragment A was modified.  

The chiral proton stability of our PPI was studied due to the problems spotted during my synthetic 

work. The enantiomeric synthesis failed different time in e.e. achievement. Moreover, the attempts 

to replace the phenyl linker with thiophen ring or the different hydrolysis steps made starting from 

the final structures have conducted to degradation products. I have analysed the enantiomeric 

stability developing a preparative HPLC method and after that I have studied the racemization time 
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in buffer. The results obtained in my analysis given us the possibility to test our previous LEAD 

LC1343 compound in vivo as racemic mixture. 

 

Considering the enzymatic inhibition capacity, the AIC-C series almost present an enzymatic 

activity comparable to LC1343. C37 compound shows a good hTS affinity probably due to 

hydroxyl group on benzothiazole portion that increase and provide an entropic contribution to the 

energy of binding. Starting from these data, a future drug development optimization could include a 

chemical functionalization on hydroxyl group to increase further the solubility and hTS affinity. It 

is possible to observe, comparing these data that different substituents on benzothiazole ring don’t 

influence hTS inhibition, but the lack of substituent brings to loss the hTS affinity, as showed by 

C38 compound. Furthermore, comparing these compounds, the presence of Nitro or N-Acetyl 

group on the benzene ring of the benzothiazole does not reveal a great difference on both hTS 

affinity and cell growth inhibition (C19 vs C32 or LC1343 vs C42 compounds).  

This suggests that, as compared to the pharmacophore model generated, the benzothiazole end 

(phenyl ring) is exposed to the solvent and the substitution on that ring maybe relevant to 

implement cytokinetics. 

 

Concerning the biochemical and chemical results, it is evident the disparity among enzymatic 

activity and cellular growth inhibition data. Nowadays, we are not able to highlight a clear 

structure-activity correlation. Thus, future perspectives will be based on the evaluation of the 

compound’s mechanism of action.  

With the purpose to further study their mechanism of action inside the cells, one of them, LC1296, 

was successfully designed, synthetized and labelled with the probes FITC and BODIPY. Using 

imaging technique, preliminary studies of internalization, apoptosis and mitosis were performed by 

our collaborators at the Institute de Biologia Molecular e Celular (IBCM) of Porto. The 

internalization pathway was assessed. The compound is internalized and localized in vesicles 

(lysosomes). The cell line A2780 internalizes a higher amount of compound that lays mainly on the 

membrane, instead the HT29 cell line internalizes deeper in the cell the compound. In parallel, we 

also studied apoptosis and mitosis and a correlation between higher dose of compound and higher 

number of apoptotic cells was assessed in both the cell lines. Even the mitosis increased showing 

that the treated cells stimulate alternative pathways involved in the cell cycle. It is necessary to 

perform different experiments to study properly these phenomena, in particular apoptosis. These 

studies are now ongoing, but they seem promising in order to continue to assess the mechanism of 

action of PPI inhibitors. 

 

The gram scale synthesis of compound LC1343 was achieved for in vivo experiment showed 

higher anticancer efficacy respect to 5-FU (clinical drug) in cancer animal model employed; they 
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also confirm the consistency of the mechanisms of action in cells and in tissues with the peculiarity 

to reduce the hTS level. 

 

In conclusion, my work was devoted: 

1. to both establishing a new SAR evaluation among enzyme inhibition, FRET efficiency decreases 

and cellular growth inhibition and chemical-physical parameters (logP, solubility); 

2. to allow the design of more soluble compounds (B31-B33);  

3. to provide enough quantities (gram scale) of LC1270 to prepare the B24 fluorescently tagged 

molecule for mechanistic studies; 

4. to provide gram quantities scale-up of the lead LC1343 for in vivo and chemical biology studies 

(not shown here). 

5. to provide the enantiomeric separation and the enantiomeric pure isomer of LC1343 to 

determine the absolute configuration, thus giving the opportunity to identify the active isomer that 

can be used for modelling purposes.  

 

The new promising compounds confirm that a patient expert medicinal chemistry work can be 

successfully combined with precisely designed biology experiments to probe cellular events (hTS 

dimer-monomer equilibrium) in chemical biology experiments and avenue progresses in drug 

discovery.  

 

In conclusion the AIRC drug development evolution with the biological result was reported (Figure 

68). 

 

Figure 68. Pipeline evolution from left to right: hit, first lead optimization results (AIC-C31 and AIC-C37)  
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6. MATERIAL AND METHODS 
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6.1. General chemistry instrumentation 

Chemistry experiments were conducted by myself at UniMORE with the supervision of Prof. Maria 

Paola Costi.  

All commercial chemicals and solvents with appropriated reagent grade were used without further 

purification. The following solvents and reagents have been abbreviated: methanol (MeOH); 

acetonitrile (ACN); ethyl acetate (EtOAc); formic acid (FA); 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC); Hydroxybenzotriazole (HOBt).Reaction progress was 

monitored by TLC on pre-coated silica gel 60 F-254 plates (Merck) and the visualization was 

accomplished with UV light (254 nm) or the appropriate stain. Flash column chromatography was 

performed using silica gel 60 Merck (60-230mesh) Automatic flash chromatography system was 

used for the final purification step using Biotage Isolera with the respective commercially available 

chromatographic column. 

All final compounds synthetized and tested shows the purity of 95% in accord to the NMR 

baseline. 

1H and 13C NMR spectra were recorded on a Bruker FT-NMR AVANCE 400. Chemical shifts are 

reported as δ values (ppm) referenced to residual solvent (CDCl3 at δ 7.26 ppm, DMSO at δ 2.50 

ppm, MeOD at δ 3.31 ppm); J values were given in Hz. When peak multiplicities are given, the 

following abbreviations are used: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, 

broadened signal. Mass spectra were obtained on a 6520 Accurate-Mass Q-TOF LC/MS and 

6310AIon TrapLC-MS(n) Experimental conditions for the HPLC–MS system were as follows: 

flow rate 0.1 mL/min, sample solution 10 pmol/mL in 0.1% acetic acid, mobile phase MeOH:water 

1:1. Melting points were determined with a Stuart SMP3 (Barloworld Scientific Limited Stone, 

Staffordshire, UK) instrument and are uncorrected. 

The NMR spectra are present in SEEK database  

6.2. Synthetic procedures and compounds characterization 

General procedure A for the synthesis of 2- amino benzothiazole derivatives (A, F-O) 

To a suspension of aniline (1 eq.) in glacial acetic acid (10 mL per mmol) cooled at 10 °C, KSCN 

(4 eq.) was added. A solution of bromine (2 eq.) in glacial acetic acid (10 mL per mmol) was added 

drop wise over 1 hour keeping the mixture refrigerated at a temperature below 10 °C. After the 

addition, the temperature was spontaneously risen, and the mixture reacted at room temperature for 

1 – 6 hours. The mixture was chilled down, quenched with water and alkalinized with 30% aqueous 

NH4OH. The precipitated formed was solubilized in EtOAc and the organic phase was washed with 

brine, dried over anhydrous Na2SO4 and concentrated. The crude was crystalized from diethyl ether 

or EtOH to afford the desired product. 
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2-aminobenzo[d]thiazole-6-carboxylic acid (A)  

 

General procedure A. White solid, 72% yield. LCMS [M+H]+ 196.1 m/z; m.p. [110-111.2 °C]; 1H 

NMR (400 MHz, DMSO-d6) δ 8.58 (d, J = 1.6 Hz, 1H), 8.07 (dd, J = 7.6, 1.6 Hz, 1H), 7.68 (d, J = 

7.5 Hz, 1H), 6.66 (s, 2H).  

 

2-aminobenzo[d]thiazole-6-carboxamide (B) [aq132]  

 

Thionyl chloride (5 mL) was added to 2-aminobenzo[d]thiazole-6-carboxylic acid A (0.1 g, 0.515 

mmol, 1 eq.) and the solution was heated to reflux for 16 h. Thionyl chloride was removed under 

vacuum to yield the respective acyl chloride. The intermediate obtained was dissolved in biphasic 

solvent tetrahydrofuran (2 mL) and aqueous ammonia solution (5 mL). The reaction mixture was 

stirred at room temperature for 12 h. The solvent was removed under vacuum, water was added, 

and the compound was extracted into ethyl acetate. The organic layer was dried and concentrated 

under vacuum. The crude compound was purified using silica gel column chromatography, using 

chloroform/methanol as eluent, to yield as pale-yellow solid (63.7 mg, 64% yield). LCMS [M+H]+ 

194.3 m/z; m.p.[141.7-142.9 °C]. 1H NMR (400 MHz, DMSO-d6) δ 8.32 (d, J = 1.5 Hz, 1H), 7.66 

(d, J = 3.7 Hz, 3H), 7.58 (dd, J = 7.5, 1.5 Hz, 1H), 6.66 (s, 2H).  

 

tert-butyl 2-aminobenzo[d]thiazole-6-carboxylate (C) [aq130] 

 

2-aminobenzo[d]thiazole-6-carboxylic acid A (0.1 g, 0.515 mmol, 1 eq.), concentrated H2SO4 (41 

µL, 41.19 µmol, 0.08 eq.), and tert-butyl acetoacetate (555 µL, 3.35 mmol, 6.5 eq.) were charged to 

a 5 mL glass pressure tube equipped with a threaded Teflon plug. The reaction was sealed and held 

at RT for 24 h. After 24 h, the reaction vessel was cooled in a dry/ice acetone bath to reduce any 

pressure that might have been generated during the reaction. Once the contents were frozen, the cap 



122 

 

was cautiously removed. The contents were transferred to a separatory funnel and partitioned 

between ether and, sequentially, 1.25% aqueous NaOH and saturated brine. The organic extract 

was dried (Na2SO4) and concentrated to obtain the pure compound as orange powder (105 mg, 82% 

yield). LCMS [M+H] + 251.3 m/z; m.p. [231,2 – 233 °C]; 1H NMR (400 MHz, Chloroform-d) δ 

8.20 (s, 1H), 8.00 (m, 1H), 7.58 (d, J = 8.5 Hz, 1H), 1.59 (s, 9H).  

methyl 2-aminobenzo[d]thiazole-6-carboxylate (D) 

 

2-aminobenzo[d]thiazole-6-carboxylic acid A (0.1 g, 0.515 mmol, 1 eq.) was solubilized in 5 mL 

of dry methanol in presence of molecular sivies following with dropwise addiction of 0.5 mL of 

concentrated H2SO4. After completion of addition, the mixture was stirred under reflux for 6 h. The 

reaction mixture was then added to 50 mL of water under cooling and adjusted to pH 7 with 

concentrated NH4OH. The precipitated product was filtered and washed with water obtained a 

colorless solid (100 mg, 94% yield). LCMS [M+H]+ 209.2 m/z ; m.p. [147.5-148.3 °C]; 1H NMR 

(600 MHz, DMSO-d6) δ 8.30 (s, 1H), 7.91 (s, 2H), 7.83 (dd, J = 8.5, 1.8 Hz, 1H), 7.38 (d, J = 8.4 

Hz, 1H), 3.83 (s, 3H). 13C NMR (151 MHz, DMSO) δ 170.23, 166.60, 157.38, 131.64, 127.53, 

123.02, 122.14, 117.55, 52.30. 

 

ethyl 2-(2-aminobenzo[d]thiazol-6-yl)acetate (E) 

 

Two step procedures: 2-(4-aminophenyl)acetic acid (0.1 g, 0.661 mmol, 1 eq.) was solubilized in 5 

mL of dry ethanol in presence of molecular sieves following with dropwise addiction of 0.5 mL of 

concentrated H2SO4. After completion of addition, the mixture was stirred under reflux for 4 h. The 

reaction mixture was then added to 500 mL of water under cooling and adjusted to pH 7 with 

concentrated NH4OH. The precipitated product was filtered and washed with water obtained a 

beige solid (108 mg, 91%). The intermediate was made to reacted using the general synthesis of 

benzothiazole obtained the compound (E). White solid, 91% yield. LCMS [M+H]+ 237. 4 m/z ; 

m.p. [126.3-127.5 °C];  1H NMR (400 MHz, DMSO-d6) δ 7.54 (d, J = 1.9 Hz, 1H), 7.44 (s, 2H, 

NH2), 7.28 (d, J = 8.2 Hz, 1H), 7.10 (dd, J = 8.2, 1.9 Hz, 1H), 4.07 (q, J = 7.1 Hz, 2H), 3.64 (s, 

2H), 1.18 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, DMSO) δ = 171.36, 166.35, 151.69, 130.99, 

126.89, 126.72, 121.41, 117.38, 60.16, 40.00, 14.04.  
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6-(trifluoromethyl)benzo[d]thiazol-2-amine (F) 

 

General procedure A. Yellow solid, 82% yield. LCMS [M+H]+ 219.2 m/z; m.p. [119-122 °C con 

dec.]; 1H NMR (400 MHz, DMSO-d6) δ 8.07 (d, J = 1.9 Hz, 1H), 7.88 (s, 2H, NH2), 7.50 (dd, J = 

8.4, 2.0 Hz, 1H), 7.41 (d, J = 8.3 Hz, 1H). 13C NMR (101 MHz, DMSO) δ = 169.15, 155.34, 

134.02, 132.26, 131.17, 129.30, 128.11, 118.28, 112.77, 112.74 

 

6-bromobenzo[d]thiazol-2-amine (G) 

 

General procedure A. Light pink solid, 46% yield. LCMS [M+H]+ 230.3 m/z; m.p. [139-140.6 °C]; 

1H NMR (400 MHz, DMSO-d6) δ 7.85 (d, J = 1.6 Hz, 1H), 7.32 (dd, J = 7.5, 1.5 Hz, 1H), 7.24 (d, 

J = 7.5 Hz, 1H), 6.66 (s, 2H). 

 

6-chlorobenzo[d]thiazol-2-amine (H) 

 

General procedure A. Light red solid, 58% yield. LCMS [M+H]+ 185. 3 m/z; m.p. [118.0-119.2 

°C]; 1H NMR (400 MHz, DMSO-d6) δ 8.04 (d, J = 1.5 Hz, 1H), 7.61 (d, J = 7.4 Hz, 1H), 7.44 (dd, 

J = 7.6, 1.6 Hz, 1H), 6.66 (s, 2H). 

 

6-fluorobenzo[d]thiazol-2-amine (I) [aq159] 

 

General procedure A. Grey powder, 80% yield. LCMS [M+H]+ 169.0 m/z; m.p.[185.6-187°C]; 

1H NMR (400 MHz, DMSO-d6) δ 7.57 (dd, J = 8.8, 2.7 Hz, 1H), 7.44 (s, 2H), 7.29 (dd, J = 8.8, 4.9 

Hz, 1H), 7.03 (ddd, J = 9.4, 8.8, 2.8 Hz, 1H). 
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benzo[d]thiazol-2-amine (J) 

 

General procedure A. White powder, 88% yield. LCMS [M+H]+ 151.2 m/z; m.p.[155.0-

156.5°C]; 1H NMR (400 MHz, DMSO-d6) δ 7.62 (dd, J = 7.4, 1.5 Hz, 1H), 7.32 (dd, J = 7.5, 1.5 

Hz, 1H), 7.19 (td, J = 7.5, 1.6 Hz, 1H), 6.99 (td, J = 7.5, 1.6 Hz, 1H), 6.66 (s, 2H). 

 

6-(1H-imidazol-1-yl)benzo[d]thiazol-2-amine (K)  

 

I (50 mg, 0.297 mmol, 1eq.), imidazole (24.29 mg, 357 mmol, 1.2 eq.), K2CO3 (61.63 mg, 446 

mmol) were combined in DMF [2 mL] in a microwave vial and heated to 160° C for 30 mins. The 

mixture was poured into ice-cold water (20 mL) and the pH value was adjusted to 7-8 by the 

addition of aqueous ammonia solution. The aqueous phase was extracted with ethyl acetate (2×20 

mL). The combined organic layers were washed with brine, dried over anhydrous Na2SO4. The 

solvent was removed under reduced pressure and the residue was recrystallized from ether to give 

pure compound as yellow powder (63 mg, 99% yield). LCMS [M+H]+ 217.2 m/z; m.p.[253.8-

255.2 °C]; 1H NMR (400 MHz, Methanol-d4) δ 8.06 (s, 1H), 7.82 (s, 1H), 7.52(m, 1H), 7.44 (m, 

2H), 7.13 (s, 1H). 13C NMR (151 MHz, MeOD) δ = 169.15, 151.45, 135.78, 132.07, 131.37, 

128.50, 128.46, 119.57, 119.55, 118.95, 118.89, 117.94, 114.14, 114.12.  

 

5-(trifluoromethyl)benzo[d]thiazol-2-amine (L)  

 

General procedure A. Light yellow powder, 94% yield. LCMS [M+H]+ 219.1 m/z; m.p. [57.2-58°]; 

1H NMR (600 MHz, DMSO-d6) δ 7.61 (d, J = 8.5 Hz, 1H), 7.07 (d, J = 2.6 Hz, 1H), 6.84 (dd, J = 

8.6, 2.6 Hz, 1H), 6.36 (s, 2H).  
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5,6-dimethylbenzo[d]thiazol-2-amine (M) 

 

General procedure A. White powder, 94% yield. LCMS [M+H]+ 179.4 m/z; m.p. [87.5-88°]; 1H 

NMR (400 MHz, DMSO-d6) δ 7.65 (s, 1H), 7.53 (s, 1H), 6.66 (s, 2H), 2.47 (s, 3H), 2.29 (s, 3H) 

4,6-dimethoxybenzo[d]thiazol-2-amine (N) 

 

General procedure A. White solid, 49% yield. LCMS [M+H]+ 211.3 m/z; m.p. [143-144 °C]; 1H 

NMR (400 MHz, DMSO-d6) δ 7.14 (s, 2H, NH2), 6.87 (d, J = 2.4 Hz, 2H), 6.44 (d, J = 2.3 Hz, 2H), 

3.81 (s, 3H), 3.73 (s, 3H). 13C NMR (101 MHz, DMSO) δ = 163.34, 155.08, 150.07, 136.15, 

132.09, 97.61, 96.64.  

 

4-chlorobenzo[d]thiazol-2-amine (O) 

 

General procedure A. Yellow solid, 71% yield. LCMS [M+H]+ 185.3 m/z; m.p. [123-124.5 °C]; 

1H NMR (400 MHz, DMSO-d6) δ 7.81 (dd, J = 7.5, 1.5 Hz, 1H), 7.40 (dd, J = 7.5, 1.5 Hz, 1H), 

7.23 (t, J = 7.5 Hz, 1H), 6.74 (s, 2H). 

 

2-aminobenzo[d]thiazol-6-ol (P) 

 

To a solution of thiourea (500 mg, 6.58 mmol, 1 eq.) in ethanol (10 mL), concentrated hydrochloric 

acid (55 μL, 0.66 mmol, 0.1 eq.) was added, followed by the drop wise addition of a hot solution of 

benzoquinone (1448 mg, 13.66 mmol, 2 eq.) in ethanol over a period of 30 minutes. The solution 

was refluxed for 6 hours and then concentrated. The crude was titrated with hot acetonitrile and 

filtered. The solid was re-suspended in water and neutralized with sodium acetate. A purple solid 

precipitated, which was collected, washed with hot acetone and filtered give brick red solid (830 
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mg, 76% yield). LCMS [M+H]+167.2 m/z; m.p. [101-102.4 °C]; 1H-NMR (400 MHz, DMSO- d6) 

δ 6.63 (dd, J = 8.4, 2.4 Hz, 1H), 7.00 (d, J = 2.4, 1H), 7.06 (s, 2H), 7.11(d, J = 8.4, 1H), 9.060 (s, 

1H). 13C-NMR (101 MHz, DMSO) δ 107.36, 113.97, 118.55, 132.31, 146.13, 152.54, 164.40. 

Synthesis of 4-(6-(methylsulfonyl)benzo[d]thiazol-2-yl)aniline (4) 

 

6-(methylsulfonyl)benzo[d]thiazol-2-amine (5 g, 0.03 mol) was added to a solution of potassium 

hydroxide (25 g) in water (50 mL). The resulting mixture was heated under reflux for 12 h, after 

which complete solution had occurred. After cooling, the reaction mixture was acidified to pH 6 by 

the addition of acetic acid. The solid precipitate was collected and recrystallized from ethanol/water 

to give the desiderate product (3.5 g, 86%) as a pale orange solid. The freshly 2-amino-5-

(methylsulfonyl)benzenethiol (3) obtained was condensed immediately in the presence of poly 

phosphoric acid (PPA) at 280 °C for 48 h followed by neutralization with aq. ammonia to yield the 

corresponding 4-(6-(methylsulfonyl)benzo[d]thiazol-2-yl)aniline (4) (light brown solid, 67% 

yield); LCMS [M+H]+ 305.3 m/z; m.p. [101-103° C con dec]; 1H NMR (400 MHz, DMSO-d6) δ 

8.66 (d, J = 1.8 Hz, 1H), 8.06 (m, 1H), 7.94 (dd, J = 8.6, 1.9 Hz, 1H), 7.82 (m, 2H), 6.68 (d, J = 8.7 

Hz, 2H), 6.08 (s, 2H), 3.27 (s, 3H).  

 

2-amino-5-(methylsulfonyl)benzenethiol (3) 

 

1H NMR (400 MHz, DMSO-d6) δ 7.65 (s, 1H), 7.46 (s, 1H), 6.82 (s, 1H), 5.77 (s, 2H), 3.03 (s, 3H). 

 

ethyl 2-((4-nitrophenyl)thio)-2-phenylacetate (a) 

 

A suspension of 4-nitrothiophenol (1 eq) and K2CO3 (1.2 eq) in dry acetone (20 mL) under N2 

atmosphere at RT ethyl 2-bromo-2-phenylacetate (1.2 eq) was added dropwise, and the suspension 

was stirred for 3h. At the end of the reaction, water was added (40 mL) and the mixture was 
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extracted with EtOAc (3x10 mL); the organic phase was dried (Na2SO4) and the solvent removed 

under reduced pressure (brown oil, 97% yield). 1H-NMR (CDCl3, 400 MHz) (δ) (ppm): 8.11 (m, 

2H), 7.54 (dd, J=8.0,0 2.0, 2H), 7.40 (m,5H), 4.20 (m,2H), 1.33 (t, J= 7.2, 3H); 13C-NMR (101 

MHz, CDCl3) δ =169.50, 146.18, 144.57, 134.33, 129.07, 128.95, 128.91, 128.44, 123.98, 62.37, 

54.61, 14.04.  

2-((4-nitrophenyl)thio)-2-phenylacetic acid (1a) 

 

A solution of ethyl 2-((4-nitrophenyl)thio)-2-phenylacetate (a) (1 eq) in methanol and 

tetrahydrofuran (10/10 ml) was added aqueous LiOH (1 eq) and the solution thus obtained was 

stirred at RT, then the solvent was removed under reduced pressure. The residue thus obtained was 

dissolved in water and diethyl ether. The water phase was washed two times with new diethyl 

ether. Then at the water phase was added HCl concentrated. at pH1 and the precipitate obtained 

was filtrated (yellow powder, 98% yield). M.p. [126-128°]; 1H-NMR (400 MHz, DMSO-d6) δ 8.27 

(2H, m), 7.74-7.66 (4H, m), 7.55-7.45 (3H, m), 5.79 (1H, s); 13C-NMR (101 MHz, DMSO) δ = 

171.08, 145.73, 145.59, 135.91, 129.28, 128.87, 128.24, 124.35, 53.22.  

 

General procedure B for the synthesis of N-(benzo[d]thiazol-2-yl)-2-((4-nitrophenyl)thio)-2-

phenylacetamide derivatives  

2-((4-nitrophenyl)thio)-2-phenylacetic acid (1a)(1 eq.) was solubilized in anhydrous DMF (10 mL) 

at 0° C in N2 atmosphere. In sequence EDC.HCl (1.1 eq) and HOBt (1 eq) were added to the 

solution, after 2-aminobenzothiazole derivatives (1 eq) were added. The mixture was stirred 

overnight in inert conditions. The solution was concentrated in vacuum. The mixture was treated 

with minimum amount of water (2 x 1 mL) and the residue thus obtained was purified by 

crystallization or chromatography. 
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N-(6-(methylsulfonyl)benzo[d]thiazol-2-yl)-2-((4-nitrophenyl)thio)-2-phenylacetamide (LC1343)  

 

General procedure B. Light yellow, 36% yield (no scale up procedure yield). LCMS [M+H]+ 500.02 

m/z; m.p. [96-98° C con dec]; 1H NMR (400 MHz, DMSO-d6) δ 13.35 (s, 1H), 8.66 (t, J = 1.3 Hz, 1H), 

8.23 – 8.13 (m, 2H), 7.96 (d, J = 1.3 Hz, 2H), 7.66 – 7.60 (m, 2H), 7.60 – 7.50 (m, 2H), 7.47 – 7.41 

(m, 2H), 7.41 – 7.35 (m, 1H), 5.84 (s, 1H), 3.25 (s, 3H). 13C NMR (101 MHz, DMSO) δ 182.41, 

168.46, 161.47, 145.52, 144.13, 135.79, 134.48, 131.96, 129.04, 128.86, 128.43, 128.13, 124.96, 

124.20, 122.23, 121.10, 53.45, 43.95. ESI-HRMS calcd for C22H18N3O5S3
+ [M+H]+: 500.0403; 

found: 500.0418. 

 

Scale-up development procedure for LC1343 

200 mg of the free carboxylic acid 1a (0.691 mmol, 1 eq.) were solubilized in dry DMF (9 mL, 

1,3mL\0,1mmol of acid) at 0 °C. DIPEA (1.2 eq. 0.829 mmol, 114.5 µL) and TBTU (1.45 eq., 1.00 

mmol, 323.88 mg) was added in sequence. The reaction solution was stirred at room temperature 

for 30 minutes. 6-(methylsulfonyl)benzo[d]thiazol-2-amine (1 eq., 0.691 mmol, 157.8 mg) was 

sequentially added in slowly portion keeping the reaction at constant 0°C. The mixture obtained 

was stirred at room temperature for 2.5h and concentrated. The reaction mixture was diluted with 

water and thrice extracted with dichloromethane. The combined organic phases were dried over 

sodium sulfate and evaporated. The crude product was purified by column chromatography (silica 

gel, dichloromethane/methanol/ammonia 100:0:0 -> 110:10:1) to give the title compound a pale 

yellow solid (234.85 mg, 68% yield). 

 

2-((4-nitrophenyl)thio)-2-phenyl-N-(6-(trifluoromethyl)benzo[d]thiazol-2-yl)acetamide (AIC-C16)  

 

General procedure B. Light orange, 53% yield. LCMS [M+H]+ 490.5 m/z; m.p. [102.4-103.9°C]; 

1H NMR (400 MHz, DMSO-d6) δ 13.28 (s, 1H), 8.47 (d, J = 1.9 Hz, 1H), 8.17 (d, J = 8.9 Hz, 2H), 

7.87 (d, J = 8.5 Hz, 1H), 7.73 (dd, J = 8.5, 1.9 Hz, 1H), 7.62 (m, 2H), 7.56 (d, J = 9.0 Hz, 2H), 7.43 
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(m, 2H), 7.37 (m, 1H), 5.83 (s, 1H). 13C NMR (101 MHz, DMSO) δ = 168.31, 160.36, 150.53, 

145.51, 144.17, 134.51, 134.11, 132.77, 131.08, 130.63, 129.02, 128.83, 128.41, 128.11, 128.02, 

124.17, 121.73, 117.17, 99.48, 53.47. ESI-HRMS calcd for C22H15F3N3O3S2
+ [M+H]+: 490.0501; 

found: 490.0513. 

 

N-(4-(6-(methylsulfonyl)benzo[d]thiazol-2-yl)phenyl)-2-((4-nitrophenyl)thio)-2-phenylacetamide 

(AIC-C17)  

 

General procedure B. Dark yellow, 61% yield. LCMS [M+H]+ 576.5 m/z; m.p. [182-183°C con 

dec]; 1H NMR (400 MHz, Chloroform-d) δ 8.83 (s, 1H), 8.54 – 8.38 (m, 1H), 8.16 (d, J = 8.5 Hz, 

1H), 8.08 (d, J = 8.4 Hz, 2H), 8.00 (dd, J = 15.8, 8.3 Hz, 2H), 7.66 (d, J = 8.5 Hz, 2H), 7.56 (d, J = 

7.0 Hz, 2H), 7.45 (d, J = 8.7 Hz, 2H), 7.39 (d, J = 7.6 Hz, 2H), 7.26 (s, 1H), 5.38 (s, 1H), 3.13 (s, 

3H).  13C NMR (101 MHz, CDCl3) δ = 172.16, 167.06, 162.67, 155.91, 146.21, 144.00, 141.11, 

137.15, 134.85, 134.53, 129.42, 129.18, 129.04, 128.37, 128.27, 125.39, 124.22, 123.36, 122.10, 

120.13, 56.84, 44.84. ESI-HRMS calcd for C28H22N3O5S3
+ [M+H]+: 576.0716; found: 576.0725. 

 

 

N-(4,6-dimethoxybenzo[d]thiazol-2-yl)-2-((4-nitrophenyl)thio)-2-phenylacetamide (AIC-C18)  

 

General procedure B. White solid, 45% yield. LCMS [M+H]+ 482.5 m/z; m.p. [129.4-130.5°C]; 1H 

NMR (400 MHz, Chloroform-d) δ 7.99 (d, J = 8.5 Hz, 2H), 7.29 (s, 5H), 7.25 (d, J = 8.5 Hz, 2H), 

6.85 (s, 1H), 6.52 – 6.45 (m, 1H), 5.40 (s, 1H), 3.87 (s, 6H). 13C NMR (101 MHz, CDCl3) δ = 

167.35, 158.51, 155.47, 152.00, 146.16, 143.61, 133.98, 133.88, 129.29, 129.16, 128.37, 128.20, 

124.02, 98.38, 95.24, 55.97, 55.87, 55.80. ESI-HRMS calcd for C23H20N3O5S2
+ [M+H]+: 482.0839; 

found: 482.0851. 
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methyl 2-(2-((4-nitrophenyl)thio)-2-phenylacetamido)benzo[d]thiazole-6-carboxylate (AIC-C8) 

 

General procedure B. Light Beige, 42% yield. LCMS [M+H]+ 480.0 m/z; m.p. [136.1-137.4°C]; 1H 

NMR (400 MHz, DMSO-d6) δ 8.42 (d, J = 1.6 Hz, 1H), 8.24 – 8.07 (m, 2H), 7.88 (dd, J = 7.5, 1.5 

Hz, 1H), 7.74 (d, J = 7.5 Hz, 1H), 7.61 – 7.55 (m, 2H), 7.41 – 7.37 (m, 2H), 7.31 – 7.18 (m, 3H), 

5.23 (d, J = 1.2 Hz, 1H), 3.87 (s, 3H). 13C NMR (101 MHz, DMSO) δ 174.20, 167.00, 158.51, 

150.47, 141.64, 140.12, 138.05, 132.04, 129.70, 129.41, 128.25, 127.32, 126.75, 127.07, 123.97, 

120.82, 117.16, 65.54, 52.11. ESI-HRMS calcd for C23H18N3O5S2
+ [M+H]+: 480.0682; found: 

480.0668. 

 

ethyl 2-(2-(2-((4-nitrophenyl)thio)-2-phenylacetamido)benzo[d]thiazol-6-yl)acetate (AIC-C19)  

 

General procedure B. Light yellow, 59% yield. LCMS [M+H]+ 482.5 m/z; m.p. [121.5-122.8°C]; 

1H NMR (400 MHz, Chloroform-d) δ 9.23 (bs, 1H), 7.99 (d, J = 8.9 Hz, 2H), 7.71 (d, J = 1.8 Hz, 

1H), 7.61 (d, J = 8.4 Hz, 1H), 7.39 – 7.35 (m, 2H), 7.31 (dp, J = 6.9, 2.4 Hz, 5H), 5.36 (s, 1H), 4.17 

(q, J = 7.1 Hz, 2H), 3.72 (s, 2H), 1.25 (t, J = 7.1 Hz, 3H).  13C NMR (101 MHz, CDCl3) δ = 

171.33, 167.65, 158.77, 146.45, 145.55, 142.96, 133.57, 131.74, 131.10, 129.38, 129.33, 129.15, 

128.40, 128.27, 124.12, 122.26, 120.19, 61.14, 55.98, 41.09, 14.17. ESI-HRMS calcd for 

C25H22N3O5S2
+ [M+H]+: 508.0995; found: 508.1009. 

 

N-(benzo[d]thiazol-2-yl)-2-((4-nitrophenyl)thio)-2-phenylacetamide [AIC-C38]  

 

General procedure B. Yellow powder, 33% yield. LCMS [M+H]+ 422.12 m/z; m.p. [140.4-101.5 

°C]; 1H NMR (600 MHz, DMSO-d6) δ 13.04 (s, 1H), 8.18 (d, J = 8.9 Hz, 2H), 7.98 (d, J = 7.9 Hz, 
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1H), 7.76 (d, J = 8.1 Hz, 1H), 7.62 (d, J = 7.1 Hz, 2H), 7.55 (d, J = 9.0 Hz, 2H), 7.44 (m, 3H), 7.37 

(d, J = 7.3 Hz, 1H), 7.32 (ddd, J = 8.2, 7.2, 1.1 Hz, 1H), 5.81 (s, 1H).13C NMR (151 MHz, DMSO) 

δ = 167.86, 157.33, 148.36, 145.48, 144.36, 134.71, 131.44, 129.04, 128.83, 128.40, 127.98, 

126.32, 124.22, 123.96, 121.83, 120.79, 53.39. ESI-HRMS calcd for C21H16N3O3S2
+ [M+H]+: 

422.0628; found: 422.0641. 

 

N-(6-hydroxybenzo[d]thiazol-2-yl)-2-((4-nitrophenyl)thio)-2-phenylacetamide (AIC-C37) 

 

General procedure B. Purple powder, 57% yield. LCMS [M+H]+ 438.0 m/z; m.p. [184.1°C con 

dec]; 1H NMR (600 MHz, DMSO-d6) δ 9.60 (s, 1H), 8.17 (d, J = 8.9 Hz, 2H), 7.61 (d, J = 7.1 Hz, 

2H), 7.54 (d, J = 9.1 Hz, 3H), 7.42 (t, J = 7.5 Hz, 2H), 7.36 (t, J = 7.4 Hz, 1H), 7.26 (d, J = 2.4 Hz, 

1H), 6.89 (dd, J = 8.7, 2.5 Hz, 1H), 5.77 (s, 1H). 13C NMR (151 MHz, DMSO) δ 167.53, 163.81, 

154.44, 152.07, 145.43, 144.55, 134.91, 132.73, 129.00, 128.76, 128.36, 127.89, 124.21, 121.29, 

115.50, 106.54, 53.39. ESI-HRMS calcd for C21H16N3O4S2
+ [M+H]+: 438.0577; found: 438.0556. 

 

N-(6-fluorobenzo[d]thiazol-2-yl)-2-((4-nitrophenyl)thio)-2-phenylacetamide (AIC-C35) 

 

General procedure B. Yellow solid, 30% yield. LCMS [M+H]+ 440.1 m/z; m.p. [99.4-100.2 °C]; 1H 

NMR (600 MHz, DMSO-d6) δ 13.07 (bs, 1H), 8.22 – 8.12 (m, 2H), 7.90 (dd, J = 8.8, 2.7 Hz, 1H), 

7.76 (dd, J = 9.0, 4.8 Hz, 1H), 7.61 (d, J = 7.5 Hz, 2H), 7.58 – 7.51 (m, 2H), 7.42 (dd, J = 8.2, 6.8 

Hz, 2H), 7.39 – 7.34 (m, 1H), 7.30 (td, J = 9.0, 2.7 Hz, 1H), 5.80 (s, 1H). 13C NMR (151 MHz, 

DMSO) δ 167.98, 159.60, 158.00, 157.38, 145.49, 145.11, 144.35, 134.67, 132.75, 132.68, 129.05, 

128.90, 128.84, 128.40, 128.00, 124.23, 121.99, 121.93, 114.60, 114.43, 108.40, 108.22, 53.38. 

ESI-HRMS calcd for C21H15FN3O3S2
+ [M+H]+: 440.0533; found: 440.0513. 
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2-((4-nitrophenyl)thio)-2-phenyl-N-(5-(trifluoromethyl)benzo[d]thiazol-2-yl)acetamide (AIC-C41)  

 

General procedure B. White powder; 39% yield. LCMS [M+H]+ 489.9; m.p. [149.5-150.8 °C]; 1H 

NMR (600 MHz, DMSO-d6) δ 11.17 (s, 1H), 8.20 (d, J = 2.3 Hz, 1H), 8.18 – 8.13 (m, 2H), 8.00 (d, 

J = 8.7 Hz, 1H), 7.97 (dd, J = 8.7, 2.3 Hz, 1H), 7.65 – 7.59 (m, 2H), 7.56 – 7.51 (m, 2H), 7.44 – 

7.38 (m, 2H), 7.38 – 7.32 (m, 1H), 5.65 (s, 1H). 13C NMR (151 MHz, DMSO) δ 167.72, 145.30, 

144.92, 140.99, 137.76, 135.11, 131.13, 130.93, 130.72, 130.52, 130.23, 128.94, 128.89, 128.66, 

128.56, 128.33, 128.28, 127.90, 127.72, 127.64, 125.45, 124.17, 123.96, 123.64, 121.82, 120.01, 

118.21, 118.18, 115.65, 111.06, 54.65. ESI-HRMS calcd for C22H15F3N3O3S2
+ [M+H]+: 490.0501; 

found: 490.0523. 

 

N-(5,6-dimethylbenzo[d]thiazol-2-yl)-2-((4-nitrophenyl)thio)-2-phenylacetamide (AIC-C5)  

 

General procedure B. Yellow powder, 41% yield. LCMS [M+H]+ 449.2; m.p. [136.4-137.3 °C]; 1H 

NMR (400 MHz, DMSO-d6) δ 12.95 (s, 1H), 8.16 (d, J = 8.9 Hz, 2H), 7.69 (s, 1H), 7.62 (d, J = 7.3 

Hz, 2H), 7.55 (d, J = 8.9 Hz, 2H), 7.40 (m, 3H), 5.81 (s, 1H), 2.30 (d, J = 5.9 Hz, 6H). 13C NMR 

(101 MHz, DMSO) δ = 145.40, 144.45, 135.05, 134.84, 132.86, 128.97, 128.74, 128.35, 127.90, 

124.16, 121.49, 53.38, 19.64. ESI-HRMS calcd for C23H20N3O3S2
+ [M+H]+: 450.0941; found: 

450.0923. 

 

methyl 3-(3-(2-((4-nitrophenyl)thio)-2-phenylacetamido)phenyl)propanoate (AIC-C7)  

 

General procedure B. White powder, 74% yield. LCMS [M+H]+ 451.3 m/z; m.p. [143.5-144.8 °C]; 

1H NMR (400 MHz, Chloroform-d) δ 8.33 (s, 1H), 8.09 (d, J = 8.8 Hz, 2H), 7.53 – 7.47 (m, 2H), 

7.45 – 7.35 (m, 5H), 7.33 (s, 1H), 7.30 – 7.26 (m, 1H), 7.20 (t, J = 7.8 Hz, 1H), 6.96 (d, J = 7.6 Hz, 
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1H), 5.24 (s, 1H), 3.64 (s, 3H), 2.88 (t, J = 7.7 Hz, 2H), 2.58 (dd, J = 8.3, 7.2 Hz, 2H). 13C NMR 

(101 MHz, CDCl3) δ 173.24, 166.60, 146.24, 144.31, 141.88, 137.21, 134.74, 129.50, 129.34, 

129.19, 128.28, 128.09, 125.21, 124.37, 120.07, 118.12, 56.96, 51.77, 35.51, 30.86. ESI-HRMS 

calcd for C24H23N2O5S+ [M+H]+: 451.1322; found: 451.1308. 

 

2-((4-nitrophenyl)thio)-2-phenyl-N-(quinolin-8-yl)acetamide (AIC-C40)  

 

General procedure B. White powder, 50% yield. LCMS [M-H]- 414.2; m.p. [175.9-180.4 °C]; 1H 

NMR (600 MHz, DMSO-d6) δ 10.96 (s, 1H), 8.96 (dd, J = 4.2, 1.7 Hz, 1H), 8.57 (dd, J = 7.7, 1.3 

Hz, 1H), 8.41 (dd, J = 8.3, 1.7 Hz, 1H), 8.18 – 8.09 (m, 2H), 7.74 – 7.62 (m, 6H), 7.56 (t, J = 8.0 

Hz, 1H), 7.41 (dd, J = 8.4, 7.0 Hz, 2H), 7.36 – 7.30 (m, 1H), 6.44 (s, 1H). 13C NMR (151 MHz, 

DMSO) δ 167.31, 149.15, 145.19, 145.17, 138.24, 136.66, 136.21, 133.90, 128.91, 128.44, 128.30, 

127.86, 127.74, 126.85, 124.00, 122.78, 122.27, 117.06, 53.76. ESI-HRMS calcd for C23H18N3O3S+ 

[M+H]+: 416.1063; found: 416.1075. 

 

4-(2-((4-nitrophenyl)thio)-2-phenylacetamido)benzamide (LC1296)  

 

General procedure B. White solid, 59% yield. LCMS [M+H]+  408.6 m/z; m.p. [228-230°C]; 1H 

NMR (400 MHz, DMSO-d6) δ 10.76 (s, 1H), 8.25 – 8.12 (m, 2H), 7.92 – 7.79 (m, 3H), 7.71 – 7.57 

(m, 4H), 7.57 – 7.49 (m, 2H), 7.45 – 7.37 (m, 2H), 7.37 – 7.31 (m, 1H), 7.26 (s, 1H), 5.66 (s, 1H).  

13C NMR (101 MHz, DMSO) δ 162.25, 157.13, 154.76, 139.28, 129.91, 128.61, 123.02, 118.60, 

118.13, 118.09, 55.99. ESI-HRMS calcd for C21H18N3O4S+ [M+H]+: 408.1013; found: 408.1035. 
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methyl 4-((2-((4-nitrophenyl)thio)-2-phenylacetamido)methyl)benzoate (AIC-C1) 

 

General procedure B. Beige powder; 55% yield.  LCMS [M-H]- 437.1 m/z; m.p. [144.3-146.0° 

C];.1H NMR (400 MHz, DMSO-d6) δ 9.04 (t, J = 5.9 Hz, 1H), 8.08 (d, J = 8.9 Hz, 2H), 7.81 (d, J = 

8.3 Hz, 2H), 7.59 (d, J = 6.9 Hz, 2H), 7.49 (d, J = 8.9 Hz, 2H), 7.36 (dt, J = 21.9, 7.1 Hz, 3H), 7.21 

(d, J = 8.2 Hz, 2H), 5.55 (s, 1H), 4.49 – 4.06 (m, 2H), 3.83 (s, 3H). 13C NMR (101 MHz, DMSO) δ 

168.11, 165.90, 145.41, 145.04, 144.37, 135.98, 129.06, 129.06, 128.69, 128.30, 128.20, 127.67, 

127.31, 123.85, 53.64, 51.99, 42.31. ESI-HRMS calcd for C23H21N2O5S+ [M+H]+: 437.1166; found: 

437.1152. 

 

4-(2-((4-nitrophenyl)thio)-2-phenylacetamido)benzoic acid (LC1270) 

 

To a solution of the 2-((4-nitrophenyl)thio)-2-phenylacetic acid (1a) (1 eq) in anh. THF (17 mL) 

and anh. DMF (0.033 mL, catalytic amount) at 0°C under elm stirring in a N2 atmosphere, 

oxalylchloride (1.5 eq) was added dropwise, then the mixture was stirred for 1h at 0° C to r. t. At 

the end of the reaction, the solvent was removed under reduced pressure and coevaporated with 

anh. CH2Cl2 three times. The oil material was used in the next step without purification. The 

solution of the acyl chloride thus obtained in CH2Cl2 (10 mL) was added dropwise to the solution 

of the 4-aminobenzoic acid (0.9 eq) in anh. CH2Cl2 (20 mL), TEA (1.2 eq.) at -10 °C under stirring 

in a N2 atmosphere. After 2 h, solvents were evaporated under reduced pressure, water was added 

to the residue, pH was adjusted to 1.00 (HCl 1N) and the precipitate thus obtained was collected 

and washed with water. The crude product thus obtained was purified with trituration in diethyl 

ether to afford yellow solid (94%). LCMS [M+H]+  409.08 m/z; m.p. [219.0-221.5 °C]; 1H NMR 

(400 MHz, DMSO-d6) δ 12.76 (s, 1H), 10.85 (s, 1H), 8.20 – 8.11 (m, 2H), 7.93 – 7.86 (m, 2H), 

7.71 – 7.61 (m, 4H), 7.57 – 7.48 (m, 2H), 7.45 – 7.29 (m, 3H), 5.67 (s, 1H). 13C NMR (101 MHz, 

DMSO) δ 167.09, 166.69, 145.25, 145.10, 142.24, 135.62, 130.41, 128.84, 128.48, 128.22, 127.70, 

125.94, 124.09, 118.81, 64.86. ESI-HRMS calcd for C21H17N2O5S+ [M+H]+: 409.0853; found: 

409.0860. 
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General procedure C for the synthesis of compound (AIC-C25, C27) 

A mixture of secondary amine (1 eq.), AIC-C Br derivatives (1 eq), and tBuONa (1 eq.) was 

stirred in DMSO (0.3 mL) in the presence of [CuII(BHPPDAH)] (10 mol%) at 120 °C for 2h. When 

the reaction was finished the catalyst was filtered, the filtrate evaporated, and the residue purified 

by column chromatography over silica gel using DCM-MeOH (98:2).  

 

Synthesis of N,N-bis(2-Hydroxyphenyl)pyridine2,6-dicarboxamide (BHPPDAH) 

2,6-Pyridinedicarboxylic acid (1 eq.) was reflux in SOCl2 for 4 h. Excess of SOCl2 was removed 

under reduced pressure after 3 times dry DCM to leave 2,6-pyridine dicarbonyldichloride. Then 2-

aminophenol (1 eq.) was dissolved in dry DCM followed by TEA (2 eq.). After 2,6-pyridine 

dicarbonyldichloride freshly obtained (1 eq) was dropwise added to the above solution at 0°C and 

the reaction mixture was stirred for 2 h. Then the reaction precipitate was washed with a saturated 

solution of NaHCO3. The product was recrystallized from aqueous ethanol 1:1 v\v.  

 

Synthesis of [CuII(BHPPDAH)]  

BHPPDAH (1 eq) was boiled under reflux with NaOH (2 eq) in 75% H2O/EtOH (1 mL) for 30 

min. The metal(II) salt copper acetate (1 eq) dissolved in EtOH was added and the mixture was 

refluxed further for 2 h. EtOH was then removed under reduced pressure to leave a precipitate, 

which was filtered, washed with H2O, and dried in air to afforded 98% of brown solid. 

 

N-(4-morpholinophenyl)-2-((4-nitrophenyl)thio)-2-phenylacetamide (AIC-C25)  

 

The title compound was prepared according to General Procedure C utilizing the respective Br 

intermediate instead in Morpholine final structure. The material was purified by column 

chromatography, eluting with 20-50% ethyl acetate in hexanes to give the title compound as an off-

white solid, 53% yield. LCMS [M+H]+ 450.7 m/z; m.p. [174.8-175.2°C]; 1H NMR (400 MHz, 

DMSO-d6) δ 10.37 (s, 1H), 8.28 – 8.12 (m, 2H), 7.69 – 7.58 (m, 2H), 7.52 (d, J = 9.0 Hz, 2H), 7.43 

– 7.36 (m, 4H), 7.36 – 7.30 (m, 1H), 6.88 (d, J = 9.1 Hz, 2H), 5.60 (s, 1H), 3.75 – 3.66 (m, 4H), 

3.07 – 2.96 (m, 4H). 13C NMR (101 MHz, DMSO) δ 165.92, 147.74, 145.57, 145.09, 136.14, 
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130.45, 128.74, 128.32, 128.17, 127.48, 124.05, 120.53, 115.37, 66.03, 54.41, 48.74. ESI-HRMS 

calcd for C24H24N3O4S+ [M+H]+: 450.1482; found: 450.1477. 

 

ethyl 2-((4-nitrophenyl)thio)propanoate (d)  

 

A suspension of 4-nitrothiophenol (1 eq) and K2CO3 (2 eq) in acetone (20 mL) under stirring at RT, 

ethyl 2-bromo-2-propionate (1,2 eq) was added dropwise, and the suspension was stirred for 3h. At 

the end of the reaction, water was added (40 mL) and the mixture was extracted with DCM (3x10 

mL); the organic phase was dried (Na2SO4) and the solvent removed under reduced pressure 

obtained a yellow oil. The compound was used immediately for the next step without other 

purification.  

 

2-((4-nitrophenyl)thio)propanoic acid (1d)  

 

A solution of ethyl 2-((4-nitrophenyl)thio)propanoate (d) (1 eq) in ethanol (5 ml) was added 

aqueous LiOH (1 eq) and the solution thus obtained was stirred at RT for 8h, then the solvent was 

removed under reduced pressure. The residue thus obtained was dissolved in water and diethyl 

ether. The water phase was washed two times with new diethyl ether. Then at the water phase was 

added HCl concentrated at pH1 and the precipitate obtained was filtrated (white powder, 99%). 

LCMS [M-H]- 226.2 m/z; m.p. [55-55.8°C]; 1H NMR (400 MHz, DMSO-d6) δ 8.23 – 8.04 (m, 2H), 

7.75 – 7.52 (m, 2H), 4.17 (q, J = 6.8 Hz, 1H), 1.61 (d, J = 6.7 Hz, 3H). 

 

General procedure D for the synthesis of N-(benzo[d]thiazol-2-yl)-2-((4-

nitrophenyl)thio)acetamide (AIC-C2, C3,) 

2-((4-nitrophenyl)thio)propanoic acid (1d) (1 eq) was solubilized in anhydrous DMF (10 mL) at 

0°C  in a N2 atmosphere. In sequence EDC.HCl (1,1 eq) and HOBt (1 eq) were added to the 

solution, at last 2-aminobenzothiazole derivatives (1 eq) were added. The mixture was stirred 
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overnight in inert conditions. The solution was concentrated in vacuum. The mixture was treated 

with minimum amount of water (2 x 1 mL) and the residue thus obtained was purified by 

crystallization or chromatography. 

 

N-(6-(methylsulfonyl)benzo[d]thiazol-2-yl)-2-((4-nitrophenyl)thio)propanamide (AIC-C2) 

 

General procedure D. Light yellow powder, 35% yield. LCMS [M+H]+ 438.30 m/z; m.p. [179.6-

181.5 °C]; 1H NMR (400 MHz, DMSO-d6) δ 13.07 (s, 1H), 8.65 (d, J = 1.3 Hz, 1H), 8.20 – 8.13 

(m, 2H), 7.96 (d, J = 1.3 Hz, 2H), 7.67 – 7.59 (m, 2H), 4.55 (q, J = 6.9 Hz, 1H), 3.25 (s, 3H), 1.60 

(d, J = 7.0 Hz, 3H).  13C NMR (101 MHz, DMSO) δ 170.85, 161.70, 151.92, 145.75, 143.44, 

135.61, 132.03, 129.39, 124.89, 124.03, 122.15, 121.00, 44.01, 43.98, 17.28. ESI-HRMS calcd for 

C17H16N3O5S3
+ [M+H]+: 438.0247; found: 438.0262. 

 

methyl 4-((2-((4-nitrophenyl)thio)propanamido)methyl)benzoate (AIC-C3)   

 

General procedure D. Yellow powder, 87% yield. LCMS [M+H]+ 375.2 m/z; m.p. [157.3-

158.5°C]; 1H NMR (400 MHz, Chloroform-d) δ 8.04 (d, J = 8.9 Hz, 2H), 7.85 (d, J = 8.3 Hz, 2H), 

7.28 (d, J = 8.9 Hz, 2H), 7.13 (d, J = 8.3 Hz, 2H), 6.95 (t, J = 6.1 Hz, 1H), 4.53 – 4.33 (m, 2H), 

4.04 (q, J = 7.4 Hz, 1H), 3.89 (s, 3H), 1.65 (d, J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

171.02, 166.58, 145.90, 144.04, 142.77, 129.89, 129.48, 127.46, 127.39, 124.13, 52.17, 45.47, 

43.40, 18.05. ESI-HRMS calcd for C18H19N2O5S+ [M+H]+: 375.1009; found: 375.1022. 

 

4-((2-((4-nitrophenyl)thio)propanamido)methyl)benzoic acid (AIC-C4) 
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A solution of AIC-C3 (35 mg, 0.093 mmol, 1eq.) in methanol and tetrahydrofuran (3/3 ml) was 

added aqueous LiOH (2.46 mg, 0.103 mmol, 1 eq) and the solution thus obtained was stirred at RT 

for 10h, then the solvent was removed under reduced pressure. The residue thus obtained was 

triturated in diethyl ether to obtain a grey solid (15 mg, 45%). LCMS [M+H]+ 361.1 m/z; m.p. 

[172.5-173.3°C]; 1H NMR (400 MHz, DMSO-d6) δ 8.54 (s, 1H), 8.29 – 8.01 (m, 2H), 7.94 – 7.86 

(m, 2H), 7.69 – 7.55 (m, 2H), 7.49 (dt, J = 7.5, 1.1 Hz, 2H), 4.69 (dt, J = 12.6, 1.1 Hz, 1H), 4.07 

(dt, J = 12.4, 1.2 Hz, 1H), 3.95 (q, J = 6.8 Hz, 1H), 1.57 (d, J = 6.7 Hz, 3H). 13C NMR (101 MHz, 

DMSO) δ 171.05, 168.13, 141.64, 138.78, 138.73, 129.90, 129.57, 129.43, 127.73, 124.39, 43.28, 

42.64, 17.77. ESI-HRMS calcd for C17H17N2O5S+ [M+H]+: 361.0853; found: 361.0853. 

 

ethyl 2-methyl-2-((4-nitrophenyl)thio)propanoate (e)  

 

A suspension of 4-nitrothiophenol (1 eq) and K2CO3 (2 eq) in acetone (20 mL) under stirring at RT, 

ethyl 2-bromo-propional (1 eq) was added dropwise, and the suspension was stirred for 3h. At the 

end of the reaction, water was added (40 mL) and the mixture was extracted with EtOAc (3x10 

mL); the organic phase was dried (Na2SO4) and the solvent removed under reduced pressure 

(orange oil, 90%). The compound was used immediately for the next step without other 

purification. 

 

2-methyl-2-((4-nitrophenyl)thio)propanoic acid (1e)  

 

A solution of ethyl 2-methyl-2-((4-nitrophenyl)thio)propanoate (e) (1 eq) in methanol and 

tetrahydrofuran (10/10 ml) was added aqueous LiOH (1 eq) and the solution thus obtained was 

stirred at RT, then the solvent was removed under reduced pressure. The residue thus obtained was 

dissolved in water and diethyl ether. The water phase was washed two times with new diethyl 

ether. Then at the water phase was added HCl concentrated at pH1 and the precipitate obtained was 
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filtrated (light yellow powder, 98%). LCMS [M-H] 240.3 m/z; m.p. [120.5-121.8 °C]; 1H NMR 

(400 MHz, DMSO-d6) δ 8.25 – 8.10 (m, 2H), 7.66 – 7.44 (m,2), 1.49 (s, 3H), 1.47 (s, 3H). 

 

2-methyl-N-(6-(methylsulfonyl)benzo[d]thiazol-2-yl)-2-((4-nitrophenyl)thio)propanamide  (AIC-

C39) 

 

2-methyl-2-((4-nitrophenyl)thio)propanoic acid (1e) (1 eq) was solubilized in DMF dry (10 mL) at 

0°C in a N2 atmosphere. In sequence EDC.HCl (1,1 eq) and HOBt (1 eq) were added to the 

solution, at last 2-Amino-6-(methylsulfonyl)benzothiazole (1 eq) were added. The mixture was 

stirred overnight in inert conditions. The solution was concentrated in vacuum. The mixture was 

treated with minimum amount of water (2 x 1 mL) and the residue thus obtained was purified by 

crystallization water\DMF obtained AIC-C39 (light yellow powder, 45%).  LCMS [M-H]- 450.2 

m/z; m.p. [181.4- 182.5 °C]; 1H NMR (600 MHz, DMSO-d6) δ 13.07 (s, 1H), 8.66 (d, J = 1.3 Hz, 

1H), 8.25 – 8.13 (m, 2H), 7.96 (d, J = 1.3 Hz, 2H), 7.75 – 7.52 (m, 2H), 3.33 (s, 2H), 3.25 (s, 3H), 

1.60 (d, J = 6.9 Hz, 3H). 13C NMR (151 MHz, DMSO) δ 170.88, 161.73, 151.95, 145.78, 143.48, 

135.64, 132.06, 129.41, 124.92, 124.07, 122.19, 121.03, 44.03, 44.01, 17.31. ESI-HRMS calcd for 

C18H18N3O5S3
+ [M+H]+: 452.0403; found: 452.0427. 

 

ethyl 2-((4-acetamidophenyl)thio)-2-phenylacetate (b)  

 

A suspension of 4-acetamidothiophenol (1 eq) and K2CO3 (2 eq) in acetone (20 mL) under stirring 

at RT, ethyl 2-bromo-2-phenylacetate (1,2 eq) was added dropwise, and the suspension was stirred 

for 3h. At the end of the reaction, water was added (40 mL) and the mixture was extracted with 

DCM (3x10 mL); the organic phase was dried (Na2SO4) and the solvent removed under reduced 

pressure. The compound was used immediately for the next step without other purification(Orange 

oil, 99%). 

 

2-((4-acetamidophenyl)thio)-2-phenylacetic acid (1b)  
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A solution of ethyl 2-((4-acetamidophenyl)thio)-2-phenylacetate (b) (1 eq) in methanol and 

tetrahydrofuran (10/30 ml) was added LiOH (1 eq) solubilized in water and methanol ( 15/5 mL). 

The solution thus obtained was stirred at RT, then the solvent was removed under reduced pressure. 

The residue thus obtained was dissolved in water and diethyl ether. The water phase was washed 

two times with new diethyl ether. Then at the water phase was added HCl concentrated at pH2 and 

the precipitate obtained was filtrated (light yellow powder, 99%). LCMS [M-H]- 300.3 m/z; m.p. 

[45-46°C]; 1H NMR (400 MHz, DMSO-d6) δ 13.00 (s, 1H), 10.02 (s, 1H), 7.53 – 7.48 (m, 2H), 

7.44 – 7.39 (m, 2H), 7.36 – 7.25 (m, 5H), 5.06 (s, 1H), 2.03 (s, 3H). 

General procedure E for the synthesis of 2-((4-acetamidophenyl)thio)-N-(benzo[d]thiazol-2-yl)-2-

phenylacetamide derivatives ( N-acetyl derivatives) 

2-((4-acetamidophenyl)thio)-2-phenylacetic acid (1b)(1 eq.) was solubilized in anhydrous DMF 

(10 mL) at 0° C in N2 atmosphere. In sequence EDC.HCl (1.1 eq) and HOBt (1 eq) were added to 

the solution, after 2-aminobenzothiazole derivatives (1 eq) were added. The mixture was stirred 

overnight in inert conditions. The solution was concentrated in vacuum. The mixture was treated 

with minimum amount of water (2 x 1 mL) and the residue thus obtained was purified by 

crystallization or chromatography. 

 

2-((4-acetamidophenyl)thio)-N-(6-(methylsulfonyl)benzo[d]thiazol-2-yl)-2-phenylacetamide (AIC-

C42) 

 

General procedure E. White powder, 47% yield. LCMS [M-H]- 510.1; m.p. [250.4-251.3° C]; 1H 

NMR (600 MHz, DMSO-d6) δ 13.04 (s, 1H), 10.00 (s, 1H), 8.65 (d, J = 1.8 Hz, 1H), 8.00 – 7.82 

(m, 2H), 7.51 (dd, J = 8.4, 6.4 Hz, 4H), 7.38 (t, J = 7.5 Hz, 2H), 7.33 (dd, J = 7.9, 5.6 Hz, 3H), 5.36 

(s, 1H), 3.24 (s, 3H), 2.08 (s, 4H), 2.00 (s, 3H).  13C NMR (151 MHz, DMSO) δ = 169.40, 168.45, 

161.48, 151.86, 139.62, 135.70, 135.54, 133.60, 131.97, 128.71, 128.47, 128.40, 125.77, 124.92, 
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122.22, 121.07, 119.35, 56.15, 44.00, 24.01. ESI-HRMS calcd for C24H22N3O4S3
+ [M+H]+: 

512.0767; found: 512.0775. 

 

tert-butyl 2-(2-((4-acetamidophenyl)thio)-2-phenylacetamido)benzo[d]thiazole-6-carboxylate  

(AIC-C33) 

 

General procedure E. White powder, 33% yield. LCMS [M+H]+ 534.0; m.p. [237.4-238.0 °C]; 1H 

NMR (600 MHz, DMSO-d6) δ 12.95 (s, 1H), 10.00 (s, 1H), 8.57 (d, J = 1.7 Hz, 1H), 7.95 (dd, J = 

8.5, 1.8 Hz, 1H), 7.78 (d, J = 8.5 Hz, 1H), 7.56 – 7.46 (m, 4H), 7.40 – 7.36 (m, 2H), 7.35 – 7.30 

(m, 3H), 5.36 (s, 1H), 2.00 (s, 3H), 1.56 (s, 9H). 13C NMR (151 MHz, DMSO) δ 169.19, 168.43, 

164.64, 160.59, 151.67, 139.55, 135.65, 133.42, 131.59, 128.69, 128.43, 128.36, 127.07, 126.60, 

125.91, 123.69, 120.35, 119.36, 80.77, 56.15, 27.84, 24.00. ESI-HRMS calcd for C28H28N3O4S2
+ 

[M+H]+: 534.1516; found: 534.1504. 

 

2-(2-((4-acetamidophenyl)thio)-2-phenylacetamido)benzo[d]thiazole-6-carboxamide (AIC-C28) 

 

General procedure E. Light yellow powder, 48% yield. LCMS [M-H]- 475.6; m.p. [234.9-235.7 

°C]; 1H NMR (600 MHz, DMSO-d6) δ 9.97 (s, 1H), 7.66 (d, J = 2.2 Hz, 1H), 7.50 – 7.47 (m, 2H), 

7.45 – 7.42 (m, 2H), 7.31 (dd, J = 8.2, 6.6 Hz, 2H), 7.28 – 7.23 (m, 3H), 7.21 – 7.08 (m, 1H), 4.93 

(s, 1H), 2.02 (s, 3H).  13C NMR (151 MHz, DMSO) δ 171.69, 171.14, 168.80, 139.48, 139.20, 

138.20, 133.21, 132.59, 129.16, 128.90, 128.86, 128.83, 128.71, 128.66, 128.39, 128.14, 128.09, 

119.77, 57.10, 24.47. ESI-HRMS calcd for C24H21N4O3S2
+ [M+H]+: 477.1050; found: 477.1037. 
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ethyl 2-(2-(2-((4-acetamidophenyl)thio)-2-phenylacetamido)benzo[d]thiazol-6-yl)acetate (AIC-

C32) 

 

General procedure E. White powder, 36% yield. LCMS [M+H] 520.2; m.p. [184.2-185.3 °C]. 1H 

NMR (400 MHz, DMSO-d6) δ 9.92 (s, 1H), 8.09 (d, J = 1.4 Hz, 1H), 7.93 – 7.71 (m, 3H), 7.55 – 

7.18 (m, 8H), 5.05 (d, J = 1.3 Hz, 1H), 4.43 (dq, J = 12.1, 6.0 Hz, 1H), 3.94 – 3.80 (m, 3H), 2.07 (s, 

3H), 1.20 (t, J = 6.0 Hz, 3H). 13C NMR (101 MHz, DMSO) δ 174.20, 171.97, 164.78, 158.78, 

152.71, 139.52, 137.23, 133.51, 131.78, 131.12, 130.85, 129.40, 128.25, 127.64, 127.22, 123.32, 

122.35, 117.15, 65.54, 60.63, 40.81, 24.05, 15.13. ESI-HRMS calcd for C27H26N3O4S2
+ [M+H]+: 

520.1359; found: 520.1342. 

 

2-((4-acetamidophenyl)thio)-N-(6-bromobenzo[d]thiazol-2-yl)-2-phenylacetamide (AIC-C26) 

 

General procedure E. White powder, 65% yield. LCMS [M+H]+ 512.2 m/z; m.p. [263.9-265.5 °C]; 

1H NMR (400 MHz, DMSO-d6) δ 12.84 (s, 1H), 9.99 (s, 1H), 8.25 (d, J = 2.1 Hz, 1H), 7.66 (d, J = 

8.6 Hz, 1H), 7.57 (dd, J = 8.6, 2.0 Hz, 1H), 7.53 – 7.47 (m, 4H), 7.40 – 7.35 (m, 2H), 7.34 – 7.30 

(m, 3H), 5.34 (s, 1H), 2.00 (d, J = 7.3 Hz, 3H). 13C NMR (151 MHz, DMSO) δ 169.53, 168.92, 

158.69, 148.04, 140.03, 136.16, 134.08, 133.93, 129.76, 129.16, 128.89, 128.82, 126.39, 124.84, 

122.79, 119.83, 116.26, 56.61, 24.49. ESI-HRMS calcd for C23H19BrN3O2S2
+ [M+H]+: 512.0097; 

found: 512.0108. 

 

N-(6-(1H-imidazol-1-yl)benzo[d]thiazol-2-yl)-2-((4-acetamidophenyl)thio)-2-phenylacetamide 

(AIC-C31)  
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General procedure E. Light brown powder; 30% yield. LCMS [M+H]+ 500.6; m.p. [92.7-93.5 °C]; 

1H NMR (400 MHz, DMSO-d6) δ 13.15 (s, 1H), 10.16 (s, 1H), 9.75 (t, J = 1.5 Hz, 1H), 8.49 (d, J = 

2.3 Hz, 1H), 8.30 (t, J = 1.8 Hz, 1H), 7.95 – 7.93 (m, 1H), 7.86 (d, J = 2.3 Hz, 2H), 7.84 (d, J = 2.3 

Hz, 1H), 7.56 – 7.54 (m, 2H), 7.53 – 7.52 (m, 2H), 7.41 – 7.29 (m, 7H), 5.55 (s, 1H), 2.01 (s, 3H). 

13C NMR (151 MHz, DMSO) δ 169.95, 168.99, 159.76, 149.46, 140.06, 136.22, 135.21, 133.74, 

133.03, 131.19, 130.64, 129.15, 128.99, 126.35, 122.11, 121.87, 121.48, 121.20, 119.84, 116.74, 

56.21, 24.50. ESI-HRMS calcd for C26H22N5O2S2
+ [M+H]+: 500.1209; found: 500.1223. 

 

N-(4-(1H-imidazol-1-yl)phenyl)-2-((4-acetamidophenyl)thio)-2-phenylacetamide (AIC-C27)  

  

The title compound was prepared according to General Procedure C utilizing the respective Br 

intermediate instead in Imidazole final structure. The material was purified by column 

chromatography, eluting with 95-5% DCM\MeOH to give the title compound as light yellow 

powder; 63% yield. LCMS [M+H]+ 443.2 m/z; m.p. [124-125°C]; 1H NMR (400 MHz, DMSO-d6) 

δ 10.48 (s, 1H), 10.00 (s, 1H), 8.18 (s, 1H), 7.67 (m, 3H), 7.57 (m, 2H), 7.51 (m, 4H), 7.34 (m, 

5H), 7.08 (s, 1H), 5.17 (s, 1H), 2.02 (s, 3H). 13C NMR (101 MHz, DMSO) δ 168.37, 167.70, 

139.17, 137.20, 136.94, 135.33, 132.93, 132.54, 129.65, 128.44, 128.26, 126.85, 124.28, 120.82, 

120.33, 119.30, 117.95, 64.87, 23.98. ESI-HRMS calcd for C25H23N4O2S+ [M+H]+: 443.1536; 

found: 443.1531. 

 

2-((4-acetamidophenyl)thio)-N-(4-chlorobenzo[d]thiazol-2-yl)-2-phenylacetamide (AIC-C34) 

 

General procedure E. White solid; 26% yield. LCMS [M-H]- 466.8; m.p. [212.6-213.5 °C]; 1H 

NMR (600 MHz, DMSO-d6) δ 13.15 (s, 1H), 10.00 (s, 1H), 7.97 (dd, J = 8.0, 1.0 Hz, 1H), 7.56 – 

7.48 (m, 5H), 7.40 – 7.36 (m, 2H), 7.34 – 7.28 (m, 3H), 5.34 (s, 1H), 2.00 (s, 3H). 13C NMR (151 

MHz, DMSO) δ 169.12, 168.44, 158.50, 145.27, 139.55, 135.63, 133.43, 133.01, 128.69, 128.43, 
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128.37, 126.32, 125.89, 124.71, 124.50, 120.98, 119.36, 56.14, 24.01. ESI-HRMS calcd for 

C23H19ClN3O2S2
+ [M+H]+: 468.0602; found: 468.0618. 

 

2-((4-acetamidophenyl)thio)-N-(1H-benzo[d]imidazol-2-yl)-2-phenylacetamide (AIC-C10)  

 

General procedure E. Yellow powder, 41% yield.  LCMS [M-H]- 417.2 m/z; m.p. [180.5-181.9 

°C];1H NMR (400 MHz, Chloroform-d) δ 9.25 (s, 2H), 7.61 (s, 1H), 7.48 (dd, J = 6.6, 3.0 Hz, 2H), 

7.42 (dd, J = 6.0, 3.2 Hz, 2H), 7.30 (dd, J = 5.0, 1.9 Hz, 3H), 7.22 (dd, J = 6.0, 3.2 Hz, 2H), 7.10 (s, 

4H), 5.15 (s, 1H), 2.11 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 171.18, 168.95, 146.68, 138.47, 

135.66, 135.38, 134.23, 134.01, 128.87, 128.68, 128.53, 127.24, 123.14, 120.08, 114.00, 57.85, 

24.60. ESI-HRMS calcd for C23H20N4O2S+ [M+H]+: 416.1307; found: 416.1315. 

 

2-((4-acetamidophenyl)thio)-2-phenyl-N-(3,4,5-trimethoxybenzyl)acetamide (AIC-C9) 

 

General procedure E. Yellow powder, 83% yield.  LCMS [M+H]+ 481.1 m/z; m.p. [198.5-199.0 

°C]; 1H NMR (400 MHz, DMSO-d6) δ 9.97 (s, 1H), 8.74 (t, J = 5.9 Hz, 1H), 7.48 (m, 4H), 7.28 (m, 

5H), 6.39 (s, 2H), 5.04 (s, 1H), 4.18 (m, 2H), 3.60 (s, 6H), 3.59 (s, 3H), 2.03 (s, 3H). 13C NMR 

(101 MHz, DMSO) δ = 168.86, 168.32, 152.70, 138.82, 137.67, 136.18, 134.50, 132.18, 128.30, 

128.17, 127.66, 127.44, 119.26, 103.98, 59.91, 56.72, 55.56, 42.34, 23.96. ESI-HRMS calcd for 

C26H29N2O5S+ [M+H]+: 481.1792; found: 481.1776. 

 

2-((4-acetamidophenyl)thio)-N-(3,4-dimethoxybenzyl)-2-phenylacetamide (AIC-C11) 

 

General procedure E. Light orange powder, 64% yield. LCMS [M+H]+ 451.3 m/z; m.p. [164.5-

165.9 °C];. 1H NMR (400 MHz, DMSO-d6) δ 10.01 (s, 1H), 8.67 (t, J = 5.9 Hz, 1H), 7.54 – 7.44 
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(m, 4H), 7.36 – 7.23 (m, 5H), 6.79 (d, J = 8.2 Hz, 1H), 6.68 (d, J = 2.0 Hz, 1H), 6.53 (dd, J = 8.2, 

2.0 Hz, 1H), 5.05 (s, 1H), 4.16 (qd, J = 15.0, 5.8 Hz, 2H), 3.70 (s, 3H), 3.59 (s, 3H), 2.03 (s, 3H). 

13C NMR (101 MHz, DMSO) δ 168.69, 168.33, 148.51, 147.66, 138.88, 137.51, 132.38, 131.19, 

128.27, 128.19, 127.67, 127.38, 119.26, 119.05, 111.57, 110.82, 56.61, 55.46, 55.18, 42.00, 23.96. 

ESI-HRMS calcd for C25H27N2O5S+ [M+H]+: 451.1686; found: 451.1677. 

 

 

2-((4-acetamidophenyl)thio)-N-(5,6-dimethylbenzo[d]thiazol-2-yl)-2-phenylacetamide (AIC-C12) 

 

General procedure E. Light yellow powder, 60% yield. LCMS [M+H]+ 461.6 m/z; m.p. [120.4-

122.0 °C];. 1H NMR (400 MHz, DMSO-d6) δ 12.66 (s, 1H), 10.01 (s, 1H), 7.70 (s, 1H), 7.59 – 7.47 

(m, 5H), 7.45 – 7.22 (m, 6H), 5.35 (s, 1H), 2.30 (d, J = 2.9 Hz, 6H), 2.01 (s, 3H). 13C NMR (101 

MHz, DMSO) δ 168.40, 156.47, 146.84, 139.44, 135.92, 134.92, 133.27, 132.70, 128.71, 128.61, 

128.37, 128.24, 126.09, 121.45, 120.93, 119.32, 56.17, 23.97, 19.64, 19.52. ESI-HRMS calcd for 

C25H24N3O2S2
+ [M+H]+: 462.1304; found: 462.1313. 

 

N-(4-((2-oxo-1-phenyl-2-(4-phenylpiperazin-1-yl)ethyl)thio)phenyl)acetamide (AIC-C13) 

 

General procedure E. Light orange powder, 55% yield. LCMS [M+H]+ 446.2 m/z; m.p. [103.8-

105.3 °C]; 1H NMR (400 MHz, DMSO-d6) δ 9.95 (s, 1H), 7.52 – 7.43 (m, 2H), 7.37 – 7.32 (m, 

2H), 7.31 – 7.22 (m, 5H), 7.22 – 7.16 (m, 2H), 6.90 – 6.83 (m, 2H), 6.79 (tt, J = 7.2, 1.0 Hz, 1H), 

5.64 (s, 1H), 3.78 – 3.42 (m, 4H), 3.10 – 2.85 (m, 3H), 2.69 – 2.54 (m, 1H). 13C NMR (101 MHz, 

DMSO) δ 168.29, 167.18, 150.57, 138.94, 137.53, 133.35, 128.90, 128.31, 128.30, 127.57, 126.88, 

119.34, 119.04, 115.77, 54.07, 48.42, 48.13, 45.24, 41.73, 23.98. ESI-HRMS calcd for 

C26H28N3O2S+ [M+H]+: 446.1897; found: 446.1877. 
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2-((4-acetamidophenyl)thio)-N-phenethyl-2-phenylacetamide (AIC-C14) 

 

General procedure E. White powder, 70% yield. LCMS [M+H]+ 405.3 m/z; m.p. [112.3-113.0 °C];. 

1H NMR (400 MHz, DMSO-d6) δ 10.00 (s, 1H), 8.31 (t, J = 5.6 Hz, 1H), 7.54 – 7.48 (m, 2H), 7.45 

– 7.39 (m, 2H), 7.35 – 7.13 (m, 8H), 7.09 – 7.01 (m, 2H), 4.95 (s, 1H), 3.30 – 3.10 (m, 2H), 2.61 

(td, J = 7.1, 3.2 Hz, 2H), 2.02 (s, 3H). 13C NMR (101 MHz, DMSO) δ 168.66, 168.32, 139.17, 

138.83, 137.56, 132.30, 128.58, 128.20, 128.20, 128.17, 127.59, 127.49, 126.00, 119.26, 56.65, 

40.50, 34.76, 23.97. ESI-HRMS calcd for C24H25N2O2S+ [M+H]+: 405.1631; found: 405.1619. 

 

2-((4-acetamidophenyl)thio)-N,N-dibenzyl-2-phenylacetamide (AIC-C15) 

 

General procedure E. Light grey powder, 56% yield. LCMS [M+H]+ 481.7 m/z; m.p. [128.2-129.5 

°C];. 1H NMR (400 MHz, DMSO-d6) δ 7.51 – 7.43 (m, 2H), 7.33 (tt, J = 4.4, 2.2 Hz, 4H), 7.27 (dt, 

J = 4.8, 2.0 Hz, 5H), 7.25 – 7.21 (m, 3H), 7.18 – 7.12 (m, 2H), 7.05 – 6.99 (m, 2H), 6.99 – 6.95 (m, 

2H), 5.43 (s, 1H), 4.57 – 4.36 (m, 4H), 2.04 (s, 3H). 13C NMR (101 MHz, DMSO) δ 169.33, 

168.36, 137.04, 136.88, 136.75, 133.58, 128.57, 128.38, 128.32, 128.06, 127.90, 127.43, 126.64, 

119.11, 54.74, 52.09, 24.00. ESI-HRMS calcd for C30H29N2O2S+ [M+H]+: 481.1944; found: 

481.1952. 

 

2-((4-acetamidophenyl)thio)-N-(3-(methylthio)phenyl)-2-phenylacetamide (AIC-C20) 

 



147 

 

General procedure E. White powder, 83% yield. LCMS [M+H]+ 423.2; m.p. [95.4-96.0°C]; 1H 

NMR (400 MHz, DMSO-d6) δ 10.34 (s, 1H), 9.99 (s, 1H), 7.59 – 7.45 (m, 5H), 7.37 – 7.20 (m, 

7H), 6.94 (dt, J = 7.6, 1.6 Hz, 1H), 5.14 (s, 1H), 2.43 (s, 3H), 2.02 (s, 3H). 13C NMR (101 MHz, 

DMSO) δ 168.36, 167.71, 139.13, 139.06, 138.74, 136.98, 132.84, 129.26, 128.42, 128.24, 127.91, 

126.89, 121.09, 119.30, 116.21, 115.73, 57.55, 23.97, 14.53. ESI-HRMS calcd for C23H23N2O2S2
+ 

[M+H]+: 423.1195; found: 423.1178. 

 

2-((4-acetamidophenyl)thio)-2-phenyl-N-(7-propylbenzo[d]thiazol-2-yl)acetamide (AIC-C21) 

 

General procedure E. Yellow powder, 67% yield. LCMS [M+H]+ 475.6 m/z; m.p. [144.2-145.5 

°C]; 1H NMR (400 MHz, DMSO-d6) δ 10.01 (s, 1H), 9.76 (s, 1H), 7.53 (td, J = 5.4, 2.6 Hz, 4H), 

7.45 (d, J = 1.0 Hz, 1H), 7.44 – 7.28 (m, 7H), 5.33 (s, 1H), 2.36 (ddt, J = 8.5, 6.2, 3.5 Hz, 2H), 1.25 

(dtd, J = 14.4, 7.2, 2.8 Hz, 2H), 0.68 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, DMSO) δ 168.35, 

168.23, 139.14, 138.66, 136.89, 136.73, 132.72, 131.77, 128.66, 128.45, 128.18, 127.92, 127.38, 

126.98, 120.52, 119.32, 111.68, 56.77, 32.37, 23.98, 22.31, 13.54. ESI-HRMS calcd for 

C26H26N3O2S2
+ [M+H]+: 476.1461; found: 476.1453. 

 

2-((4-acetamidophenyl)thio)-2-phenyl-N-(3,4,5-trimethoxybenzyl)acetamide (AIC-C36) 

 

General procedure E. Light grey powder, 80% yield. LCMS [M+H]+ 451.3 m/z; m.p. [125-

126.5°C]; 1H NMR (400 MHz, DMSO-d6) δ 9.97 (s, 1H), 8.74 (t, J = 5.9 Hz, 1H), 7.55 – 7.45 (m, 

4H), 7.37 – 7.19 (m, 5H), 6.39 (s, 2H), 5.04 (s, 1H), 4.35 – 4.05 (m, 2H), 3.60 (s, 6H), 3.59 (s, 3H), 

2.03 (s, 3H). 13C NMR (101 MHz, DMSO) δ 168.86, 168.32, 152.70, 138.82, 137.67, 136.18, 

134.50, 132.18, 128.30, 128.17, 127.66, 127.44, 119.26, 103.98, 59.91, 56.72, 55.56, 42.34, 23.96. 

ESI-HRMS calcd for C26H29N2O5S+ [M+H]+: 481.1792; found: 481.1803. 
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ethyl 2-((4-nitrophenyl)thio)acetate (c)  

 

A suspension of 4-nitrothiophenol (1 eq) and K2CO3 (2 eq) in acetone (20 mL) was stirring at RT, 

ethyl bromoacetate (1.2 eq) was added dropwise, and the suspension was stirred for 3h. At the end 

of the reaction, water was added (40 mL) and the mixture was extracted with EtOAc (3x10 mL); 

the organic phase was dried (Na2SO4) and the solvent removed under reduced pressure. The 

compound was used immediately for the next step without other purification (yellow powder, 

98%). 

 

2-((4-nitrophenyl)thio)acetic acid (1c)  

 

A solution of methyl 2-((4-nitrophenyl)thio)acetate (c) (1 eq) in methanol and tetrahydrofuran 

(10/10 ml) was added aqueous LiOH (1 eq) and the solution thus obtained was stirred at RT for 8h, 

then the solvent was removed under reduced pressure. The residue thus obtained was dissolved in 

water and diethyl ether. The water phase was washed two times with new diethyl ether. Then at the 

water phase was added HCl concentrated at pH1 and the precipitate obtained was filtrated (yellow 

powder, 98%). LCMS [M-H]- 212.2 m/z; m.p. [160.5-161 °C]; 1H NMR (400 MHz, DMSO-d6) δ 

13.01 (s, 1H), 8.15 (d, J = 7.2 Hz, 2H), 7.51 (d, J = 7.2 Hz, 2H), 4.04 (s, 2H). 

 

General procedure F for the synthesis of N-(benzo[d]thiazol-2-yl)-2-((4-

nitrophenyl)thio)acetamide (AIC-C1, C23-24) 

2-((4-nitrophenyl)thio)acetic acid (1c) (1 eq) was solubilized in anhydrous DMF (10 mL) at zero 

degrees in a N2 atmosphere. In sequence EDC.HCl (1,1 eq) and HOBt (1 eq) were added to the 

solution, at last 2-aminobenzothiazole derivatives (1 eq) were added. The mixture was stirred 

overnight in inert conditions. The solution was concentrated in vacuum. The mixture was treated 

with minimum amount of water (2 x 1 mL) and the residue thus obtained was purified by 

crystallization or chromatography. 
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N-(6-(methylsulfonyl)benzo[d]thiazol-2-yl)-2-((4-nitrophenyl)thio)acetamide (AIC-C1)  

 

 

General procedure F. White powder, 68% yield. LCMS [M-H]- 424.7 m/z; m.p. [250-251.5° C]; 

1H-NMR (DMSO-d6, 400 MHz) (δ) (ppm): 13.00 (1H, broad s), 8.64 (1H, s), 8.18 (2H, m), 7.97 

(2H, s), 7.61 (2H, m), 4.30 (2H, s), 3.22 (3H, s); 13C-NMR (DMSO-d6, 100 MHz) (δ) (ppm): 

168.48, 162.22, 152.43, 146.42, 145.41, 136.09, 132.48, 127.12, 125.39, 124.45, 122.65, 121.49, 

44.48, 35.33. ESI-HRMS calcd for C16H14N3O5S3
+ [M+H]+: 424.0090; found: 424.0078. 

 

2-((4-nitrophenyl)thio)-N-(6-(trifluoromethyl)benzo[d]thiazol-2-yl)acetamide (AIC-C23)  

 

General procedure F. Orange powder, 35% yield. LCMS [M+H]+ 414.1 m/z; m.p. [116.3°C]; 1H 

NMR (400 MHz, DMSO-d6) δ 12.73 (s, 1H), 8.45 (d, J = 1.9 Hz, 1H), 8.23 – 8.11 (m, 2H), 7.87 (d, 

J = 8.5 Hz, 1H), 7.73 (dd, J = 8.4, 2.0 Hz, 1H), 7.65 – 7.56 (m, 2H), 4.30 (s, 2H). 13C NMR (101 

MHz, DMSO) δ 182.03, 167.92, 160.78, 160.78, 150.71, 146.00, 144.89, 134.06, 132.83, 131.13, 

130.58, 130.58, 127.95, 126.61, 124.99, 123.95, 123.95, 121.60, 121.60, 116.80, 116.80, 34.93. 

ESI-HRMS calcd for C16H11N3O3S2
+ [M+H]+: 414.0188; found: 414.0174. 

 

N-(1H-benzo[d]imidazol-2-yl)-2-((4-nitrophenyl)thio)acetamide (AIC-C24)  

 

General procedure F. Yellow powder, 74% yield. LCMS [M+H]+ 329.4 m/z; m.p. [118.5-119.9 

°C]; 1H NMR (400 MHz, DMSO-d6) δ 12.03 (s, 2H), 8.20 – 8.07 (m, 2H), 7.68 – 7.57 (m, 2H), 

7.43 (dd, J = 5.9, 3.2 Hz, 2H), 7.09 (dd, J = 6.0, 3.2 Hz, 2H), 4.21 (s, 2H). 13C NMR (101 MHz, 

DMSO) δ 168.05, 146.56, 144.75, 127.45, 126.58, 123.93, 123.84, 121.25, 116.62, 35.40. ESI-

HRMS calcd for C15H13N4O3S+ [M+H]+: 329.0703; found: 329.0692. 
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Synthesis of LC1296-(O2Oc)-CAM  (UniFE) 

 

The Cysteamine (CAM) 2-chlorotrityl resin (0.079 mmol) was swelled in DMF and suspended in a 

solution of Fmoc-amino-3,6 dioxaoctanoic acid (Fmoc-O2Oc-OH) (0.316 mmol), N,N'-

Diisopropylcarbodiimide (DIC) (0.316 mmol) and hydroxybenzotriazole (HOBT) (0.316 mmol) in 

DMF (2 mL). This suspension was shaken for 30 minutes. After this time the solid phase was 

filtered and washed with DMF (3x2mL). The polymer was successively suspended in a 40% 

solution of piperidine in DMF (3x2 mL) and shaken for 5 minutes. The resin was filtered and 

washed with DMF (3x2 mL). In the final step the solid support was suspended in a solution of 

LC1270 (0.158 mmol), (1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-

oxid hexafluorophosphate (HATU) (0.237 mmol) and diisopropylethylamine (DIPEA) (0.237 

mmol) in DMF and shaken for 3 hours. The functionalized resin was washed with DMF (3x2mL) 

and the desired molecule was released after a treatment with a mixture of trifluoroacetic acid 

(TFA)/H2O/phenol/triisopropylsilane 88:5:5:2 v/v (10 mL per 0.2 g of resin) for 30 minutes at 

room temperature. After filtration of the resin, the solvent was concentrated in vacuo and the 

residue triturated with ethyl ether. The crude of reaction was purified by preparative HPLC giving, 

after lyophilization, the LC1296-(O2Oc)-CAM as a pale yellow amorphous solid (49% yield). ESI-

HRMS calcd for C29H33N4O7S2
+ [M+H]+: 613.1785; found: 613.7175. 
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Synthesis of LC1296-(O2Oc)-CAM-FITC  (UniFE) 

 

To a stirred solution of LC1296-(O2Oc)-CAM (0.0277 mmol) in CH3CN (0,5 mL), Fluorescein-5-

Maleimide (FITC) (0.00156 mmol) solubilized in CH3CN/H2O (250μL/250μL) was added 

followed by 20 μL of 5% solution of NaHCO3. The reaction was stirred in the dark and the MS 

monitoring showed a complete consumption of the fluorescent probe in about 5 minutes. After this 

time the reaction solution the product was purified directly by preparative HPLC using the same 

experimental conditions as for the purification of LC1296-(O2Oc)-CAM. After lyophilization in 

the dark, a yellow amorphous solid was obtained in quantitative yield and with a purity grade > 

95% yield. ESI-HRMS calcd for C53H46N5O14S2
+ [M+H]+: 1040.2477; found: 1040.3098. 

6.3. TD-DFT (time-dependent density functional theory)calculations on (S)-

LC1343 

Absolute configuration assignment to the enantiomers of LC1343 was conducted by Dr. Daniele 

Tedesco and Dr. Manuela Bartolini at UniBO. HPLC chiral method development and 

enantiomerical stability were conducted at UniMORE by myself with the supervision of Prof. 

Giuseppe Cannazza. 

A preliminary conformational search on LC1343 was carried out by molecular mechanics (MM) 

calculations with the MacroModel software (Schrödinger, New York, NY, USA). The MM 

conformational search was performed on two possible tautomeric states of the (S)-enantiomer, as 

identified by the LigPrep software (Schrödinger, New York, NY, USA), using the OPLS3 force 

field132 and the SPMC torsional sampling method133. All conformers within a MM energy window 

of 10 kcal mol−1 from the minimum were used for geometry optimization and frequency 

calculations at the DFT level, using the B97D3 functional134, the def2-TZVP basis set135,136, the 

density fitting approximation137 and the IEFPCM solvation model for acetonitrile. Conformers 
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displaying imaginary frequencies or converging to the same geometry (identified by RMSD values 

for heavy atoms lower than 0.01 Å) were discarded. All optimized conformers within an electronic 

energy window of 2.5 kcal mol−1 from the minimum were further used for TD-DFT calculations, 

using the PBE0 functional138,139, the def2-TZVP basis set and the IEFPCM solvation model for 

acetonitrile. Excitation energies (expressed as wavelengths, λj), oscillator strengths (fj) and 

rotational strengths in dipole length formalism (Rj) were calculated for the lowest 150 electronic 

transitions; the theoretical UV and CD spectra of (S)-LC1343 were then derived by approximation 

of fj and Rj values to Gaussian bands (Δσ=0.25 eV)140, summation over all excited states and 

conformational averaging based on the Boltzmann distribution of conformers, as calculated from 

the relative electronic energies. All DFT and TD-DFT calculations were performed using the 

Gaussian 16 software package. 

 

Enantioselective HPLC-CD analysis 

The eHPLC analysis on LC1343 was performed on a Jasco (Tokyo, Japan) HPLC system 

composed of a PU-980 pump, a LG-2080-02 ternary gradient unit, a DG-2080-53 degasser and a 

Rheodyne (Rohnert Park, CA, USA) 7725i syringe loading injector equipped with a 20 μL sample 

loop. CD detection was achieved by connecting the HPLC system to a Jasco (Tokyo, Japan) J-810 

spectropolarimeter, using a HPLC flow cell (1 cm pathlength; courtesy of Prof. S. Masiero, 

Department of Chemistry, University of Bologna, Italy) and a Rheodyne (Rohnert Park, CA, USA) 

7010 injector set up as a three-way valve for full-spectrum UV and CD measurements in  

stopped-flow mode. The enantioresolution of LC1343 (1 mg mL−1) was performed on a Chiralcel 

OD-RH column (CSP: cellulose tris(3,5-dimethylphenylcarbamate) coated on silica gel; 150×4.6 

mm I.D., 5 μm particle size; Daicel, Illkirch, France), using an acetonitrile/water (98:2, v/v) 

mixture as mobile phase at a 0.5 mL min−1 flow rate; the elution of LC1343 enantiomers was 

monitored using the UV and CD signals at 280 nm. Stopped-flow CD and UV spectra were then 

recorded in the 420–215 nm wavelength range using a 4 nm spectral bandwidth, a 100 nm min−1 

scanning speed, a 1 s data integration time, a 0.2 nm data interval and an accumulation cycle of 3. 

Spectra were blank-corrected with a stopped-flow measurement on the mobile phase, converted to 

molar units based on the absorbance value at 282.6 nm (εmax=23698.7 M−1 cm−1, as determined by 

UV analysis on rac-LC1343), then compared to the theoretical CD spectrum of (S)-LC1343. 

 

Racemization kinetics.  

The previously obtained single enantiomers of (±)-E7 were solubilized in buffer solutions to 

simulate in vitro test conditions and then incubated for a set of times at 37.5 °C. After the selected 
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times, they were injected in a Chiralcel OD-RH column (water:acetonitrile 2:98 (v/v)) to evaluate 

racemization rates. The data were analyzed. The kinetic parameters were calculated from the 

corresponding peak areas according to Eqs. 1 and 2 (see paragraph 3.4.2.) 

 

6.4. hTS Enzymathic Inhibition Assay 

Enzymatic experiment part was conducted by Dr. Matteo Santucci at UniMORE, Drug discovery 

and biotechnology lab. 

Transformation procedure of E. Coli bacterial host cells  

The GenElute plasmidic-DNA isolation kit (Sigma Aldrich) was used to extract 50 µL of pQE80L 

plasmidic DNA from DH5α to BL21 (DE3) competent bacterial cells. 5 µL of total pQE80L DNA 

were added to 100 µL of BL21 competent cells (in duplicate). The mix DNA/BL21cc was 

incubated on ice for 30 minutes. Heat-shock at 42°C, for 45 seconds, was performed in order to 

promote the entry of the exogenous DNA into the E. Coli cells. The mix was subsequently placed 

back on ice for 5 minutes. 600 µL of LB-broth were added to the cell suspension, incubated for 4 

hours, at 37°C, 150 RPM. The transformed cellular colonies with the target plasmidic DNA were 

positively selected by feeding 100 µL of cellular suspension on agar plate in presence of 100 

µg/mL of Ampicillin, O.N., at 37°C.  

 

Protein purification of wild type human TS. 

The target protein was obtained from E. Coli BL21 (DE3) bacterial culture selected by Ampicillin 

resistance (100 µg/mL) and incubated O.N. in LB-growth medium, at 37°C, 150 RPM. IPTG (1 

µg/mL) was added in order to induce the overexpression of hTS protein for 4 hours, at 37°C, 150 

RPM. The intracellular enzyme protein was recovered by sonication (Sonopuls HD 3400); the 

crude extract was clarified by centrifugation and filtered by 0.8-0.45 µm syringe filters. The 

enzyme’s kinetic activity was spectrophotometrically evaluated by monitoring the hydrolysis of 

mTHF cofactor at 340 nm for a total time of 180 seconds. The target protein was purified by 

affinity chromatography with AKTA Prime instrument (Amersham Biosciences) by using a 

prepacked Ni-HiTRAP FF column 5mL (Sigma Aldrich) properly conditioned with 6 volumes 

(30mL) of Buffer-1 (20mM NaH2PO4, 30mM NaCl, pH 7.5). The elution of target protein was 

performed using Buffer-3 (Imidazole 1M, 20mM NaH2PO4, 30mM NaCl, pH 7.5) and a next 

desalting step in Buffer-1 with 5mL HiTRAP-Desalting column (GE Healthcare) was needed for 

removing the excess of Imidazole. The protein purity level by SDS-Page has been checked out (> 
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95%). Concentration value and kinetic parameters (Kcat and Km) were calculated resulting to be in 

according to the reported values in scientific literature. 

 

The kinetic profile characterization of hTS  

The enzymatic profile of wild type protein and mutant isoforms was spectrophotometrically 

evaluated 736-0559 lettore multipiastra MULTISKAN GO, 96 wells multiplate reader  monitoring 

the hydrolysis of mTHF cofactor substrate at 340 nm in a total time of 180 seconds in triplicate. 

The main kinetic parameters Kcat and Km have been evaluated. The Kcat determination was 

performed by using six increasing protein concentrations and a fixed concentration value of mTHF 

cofactor and dUMP substrate, corresponding to ten folds of Km value (steady state), 50 and 120 

µM respectively. Regarding to hTS mutant isoforms, the final concentrations of each substrate 

molecule it was properly modified respect to different Km value of each single mutant for each 

substrate, in order to reach the steady state condition. For each considered protein concentration, 

the corresponding Vmax values (µM/sec) were plotted in linear regression respect to assayed 

protein concentrations (Vmax/[E]). The Kcat value (s-1) was calculated from the slope value of the 

resulting linear correlation. The Km assay was performed by using a fixed enzyme concentration, in 

order to have a kinetic activity rate equal to 0.06-0.08 ΔOD/min, varying the substrate in a proper 

concentrations range depending on the Km value and considering a fixed steady-state concentration 

for the second substrate. The raw ΔOD/min data were plotted respect to considered substrate 

concentrations in a non-linear regression. The resulting fitting of data (GraphPad PRISM) by using 

the Michaelis-Menten equation allowed to determine the Km value of each substrate molecule 

(µM).  

 

Inhibition assay and IC50 profile evaluation 

The efficacy of selected chemical synthesized library to inhibit the kinetic activity of hTS proteins 

panel was spectrophotometrically evaluated Jasco Mod. UV-2075 by monitoring the enzymatic 

hydrolysis of mTHF substrate at 340 nm for a total time of 180 seconds. Each inhibitor was firstly 

dissolved in DMSO in order to prepare a 10 mM stock solution. The final DMSO concentration 

into the experimental cuvette was equal to 3% v/v, in order to don’t interfere with the kinetic 

activity of the enzyme. The compounds were assayed at five different concentration points in the 0-

80 µM range, taking care to add into the cuvette, for each considered concentration value, the same 

volume amount for eliminating a potential DMSO interfering inhibition effect on the catalytic 

activity of the hTS protein. For this reason, each dilution stock was prepared diluting the initial 

DMSO stock [10 mM] into the Buffer-1. Each considered compound concentration was assayed 

after 1 hour of incubation with the target protein at RT, in duplicate, for calculating an error value 

with 95% confidence interval (ρ < 0.05). From the resulting inhibition percentages at each different 
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inhibitor concentration, it was possible to calculate the IC50 values from the Dixon plot 1/V vs [I], 

using the equation IC50 = ((1/0.5 ∙ v0) − m)/q, where v0 is the rate of hydrolysis of the reporter 

substrate (v0 being the rate measured in the absence of inhibitor), q the y axis intercept and m the 

slope of the resulting linear regression.  

6.5. FRET 

FRET experiment part was conducted by Dr. Matteo Santucci and Prof. Glauco Ponterini at 

UniMORE 

Protein conjugation with fluorescence probes for FRET assay  

100 µM of hTS protein was incubated at RT for 10 minutes with a mixture of 2’-deoxyuridine-5’-

monophosphate (dUMP) and Methotrexate (MTX) added to a 50:1 ratio respect to the 

concentration value of dimeric protein. A dual mix of Fluorescein-maleimide (F) and 

Tetramethylrhodamine-maleimide (T) was prepared in order to have a proportion of 2.5:1 respect 

to protein concentration and was incubated with the ternary complex hTS-dUMP-MTX at RT for 

30 minutes. Considering that the Fluorescein probe is characterized by a 20%-less binding 

efficiency to the protein than Tetramethylrhodamine probe, the fluorescent mix was prepared in 

order to have a concentrations ratio of 1.2 between the probes each other. After 30 minutes, the 

excess of probes (which didn’t react with the protein) was inactivated by dithiothreitol (DTT) 

adding. The conjugation mixture was loaded onto a HiTRAP desalting column (GE-Healthcare) 

and the conjugated protein was eluted by using the Elution-buffer: 20 mM KH2PO4, 30 mM NaCl, 

pH 7.5. Each elution fraction was characterized by measuring the absorbance spectra of the 

fluorophores pair and of the protein at 490, 550 and 280 nm respectively for determining the exact 

concentration value of the two fluorescent probes and of the conjugated dimeric protein, with the 

aim to obtain a 1:1 ratio between the dimeric protein and fluorescent probes pair. 

 

FRET assay: Fluorescence Resonance Energy Transfer  

The potential dissociative effect of the selected library compounds was evaluated by fluorometric 

assay (FRET) with 96-well multiplate reader (TECAN, GENIOS Pro). The compounds were 

assayed at four different concentrations (5-10-20-40 µM) both at time zero and after 1 hour of 

incubation with the hTS proteins panel in order to evaluate the potential incubation effect of the 

assayed compounds on the efficacy increasement. Each compound was assayed in duplicate in a 

total volume of 100 µL of Elution Buffer: 20 mM KH2PO4, 30 mM NaCl, pH 7.5. Moreover, into 

the FRET plate, it was also considered a negative control sample corresponding to the hTS enzyme 

protein treated with DMSO in the same amount presenting into the other assayed inhibitor samples, 

for also evaluating the potential DMSO interfering effect on the FRET-signal determination. The 
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perturbation of dimeric conformation, in absence and in presence of the compounds at the several 

assayed concentrations, was evaluated by monitoring the reduction of the FRET efficiency 

variation between the two fluorescent probes, each bound to a single monomer of the dimeric 

enzyme, at 535 and 590 nm respectively (ΔΦFRET = ΦFRET inhibitor / ΦFRET hTS – 1).  The 

FRET efficiency (ΦFRET) was calculated by using the following formula: ΦFRET = [2.2 * (1.2 + 

1)] / [2.2 + 1 / (ΦF/ΦT – 0.32)]. The compounds able of reducing to a greater extent the FRET 

efficiency were selected and considered as the best dissociative inhibitors on the hTS target protein.  

6.6. Cell cultures 

Cell cultures and inhibitions test was conducted by Prof. Gaetano Marverti at UniMORE 

Toxicity assays were carried out in order to determinate tumour cell growth inhibition of the 

compounds. The cell lines chosen choice for the project were HT29 (Colorectal Adenocarcinoma 

cell line, 5-FU resistant), HCT-116 (Colorectal Carcinoma cell line, 5-FU resistant), HCA46 

(Colon adenocarcinoma cell line, 5-FU sensitive), A2780 (Ovarian Carcinoma cell line, cisplatin 

sensitive). and A2780/CP (Ovarian Carcinoma cell line, cisplatin resistant). 

HT29, HCA46 and HCT116 CRC cell lines were cultured in Dulbecco's Modified Eagle Medium 

(DMEM), supplemented with 10% heat-inactivated fetal bovine serum and 1% Pen/Strep. A2780 

and A2780/CP, ovarian carcinoma cell lines, were cultured in RPMI 1640 medium containing 10% 

heat-inactivated fetal bovine serum, 1% Pen/Strep and 1% Sodium Pyruvate. Cell lines were 

incubated at 37 °C under 5% CO2 for 24 h before treatments. 

 

MTT assay 

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium assay 

technology is the most commonly method used to assess compound cytotoxicity. 

It’s a colorimetric assay because viable cells with active metabolism convert MTT into an insoluble 

formazan, purple product with an absorbance maximum near 595 nm, using a reduction reaction in 

which mitochondrial dehydrogenases are involved.  

When the cells die lose this ability given the colour formation a convenient marker only for viable 

cells. In the intracellular environment formazan forms insoluble crystals that are not able to cross 

the membranes, therefore the molecules influx in cells is allowed, but not the expulsion of the 

product, if this was metabolized. 

Hence if the electron transport chains are still functional, the precipitates are produced proving 

cells viability. The exact mechanism behind the formazan formation is not well understood, but the 

reaction that is probably involved is one with NADH or similar reducing molecules able to transfer 

electrons to MTT. The chromogenic oxidizing agent (MTT bromide) corresponds to a polycyclic 

system (C18H16BrN5S) that has a tetrazole ring, which can be easily reduced by mitochondrial 
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dehydrogenases or by other electron transport systems, forming through the tetrazole ring opening 

a nitrogen chromogenic compound named formazan, whose functional group is R1NH-N-

N=CR2=NR3 (Scheme 11). 

 

Scheme 15. MTT reaction. 

The conversion of MTT to formazan by cells in culture is time dependent. 

The formazan must be solubilized before record the absorbance readings. The reaction is monitored 

with a maximum absorbance near 595 nm using TECAN spectrophotometer.  

In order to prepare the MTT solution, the powder was dissolved in Dulbecco’s Phosphate Buffered 

Saline (DPBS) at pH =7.4 in stock concentration of 5 mg/mL. Moreover, the solution was stored 

protected from light at 4 °C for frequent use or at -20 °C for long term storage. 

At first the series of compounds at 40μM was tested in order to understand the ability to inhibit cell 

growth on HT29 and A2780/CP cell lines. In a second time a toxicity curve on the most active 

compounds was selected for identify EC50 value. 

 

Screening of new compounds at 40 µM 

Toxicity test of the compounds against HT29 cell line and A2780/CP cell line was elaborated after 

seeding cells in 24-well plates. 30000 cells each well were plated in 500 µL DMEM medium for 

HT29 cell line and 500 µL RPMI 1640 medium for A2780/CP cell line. 

24 hours after seeding (time required for cell adhesion) the medium was removed and replaced 

with medium contained the concentration chosen for each compound, 40 µM. For compared the 

compounds activity a positive control known drug (5-FU) was chose and tested at two different 

concentrations (10 µM and 15 µM). 

As internal control, the LC1296 and LC1343 were tested at 40μM. Medium with DMSO was added 

as the control sample (the compounds were solubilized in DMSO). 

Cell lines were incubated with compounds at 37 °C in a humidified incubator with 5% CO2 for 

three doubling time, which is different for each cell lines: HT29 cell line was incubated for 54h141 

and A2780/CP was incubated for 72h142. 

After the treatment times, 50 µL of MTT [5 mg/mL] was added in the culture medium in each well 

to obtain the final concentration [0.5 mg/mL] and incubated for 1 hours at 37°C repaired from 

light. After the medium was removed and 500 µL of DMSO were added to each well to dissolve 
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the formazan crystals. Optical density was read at 595 nm in TECAN microplate reader for each 

cell line and three independent experiments were performed in duplicate. 

 

Dose-response curve of the selected compounds  

The toxicity of the selected compounds was tested against HT29 and HCT116 colorectal cancer 

cell lines and against A2780 and A2780/CP ovarian cancer cell lines, after seeding cells in 96-well 

plates. 5000 cells in each well were plated in 100 µL DMEM medium for both cell lines. 24 hours 

after seeding, time required for cell adhesion, the medium was removed and replaced by the one 

containing the chosen concentration of each compound: 5 µM, 10 µM, 20 µM and 40 µM. 

Moreover, these cell lines were treated with 5-FU, used as reference drug. 5-FU was tested at two 

different concentrations: 7.5 µM and 15 µM. 

As internal control, compounds LC1296 and LC1343 were used and tested at 20 µM and 40 μM. 

Medium with DMSO was added as control sample (because the compounds are solubilized in 

DMSO). 

Cell lines were incubated with compounds at 37 °C in a humidified incubator with 5% CO2 for 

three doubling time, which is different for each cell lines: HT-29 cell line was incubated for 54 

hours, HCT116 was incubated for 48 hours 66h for A2780 and 72h A2780/CP. 

After incubation with compounds, 20 µL of MTT [2,5 mg/mL] was added in the culture medium in 

each well to obtain the concentration of [0,5 mg/mL] and incubated for 1 hours at 37°C repaired 

from light. 

Then, medium was removed and 100 µL of DMSO were added to each well to dissolve the 

formazan crystals. Optical density was read at 595 nm in TECAN microplate reader. For each cell 

line, four independent experiments were performed in duplicate. 

 

 

Statistical analysis 

All experimental data are presented as mean ± S.D. or S.E.M., where indicated. Data were analysed 

with repeated measures or one-way ANOVA with the statistical software SPSS version 25 (SPSS, 

Inc., USA), Prism 5 version 5.03 and Prism 8 version 3.1.1 (GraphPad Software), where indicated. 

Selected pairwise comparisons were made using Tukey post-hoc analysis. All mean differences 

were considered statistically significant if * p < 0.05**; p <0.01; *** p < 0.001. When # is reported 

this is to substitute the * symbols to avoid ambiguity in presence of other * in the same Figure (see 

Figure 58). (# = p < 0.05**) 

  



159 

 

List of Figures 

Figure 1. Tyrosine kinase inhibitors. .................................................................................................................................... 3 
Figure 2. The most active chemotherapeutic agent against ovarian cancer .......................................................................... 5 
Figure 3. Folate pathway scheme. ........................................................................................................................................ 8 
Figure 4. a Thymidylate synthase dimeric structure. ............................................................................................................ 9 
Figure 5. Chemical representation of TS function for the transformation of dUMP to dTMP and the other enzymes 

involved in this cycle. ........................................................................................................................................................ 11 
Figure 6. Thymidylate synthase catalytic mechanism, more than one mechanism has been proposed. Imagine take from 

our paper, reference 10. ...................................................................................................................................................... 12 
Figure 7. Schematic representation of TS’s different situations; a) Physiological conditions, where the equilibrium 

between AAa and Ar is strongly favourite for the dimeric form. b) Presence of inhibitor/substrate. AA: homodimer, 

a=active, b=bonded; A: monomer, r= regulatory function. A greater concentration of AAb (homodimer bonded) induce a 

major concentration of AAa (homodimer active) that decrease the regulation expression function that means hTS 

overexpression. .................................................................................................................................................................. 14 
Figure 8. 5-fluorouracil and pyrimidine analogues. ........................................................................................................... 16 
Figure 9. Antifolate analogues. .......................................................................................................................................... 17 
Figure 10. Novel drugs used in combination with hTS inhibitors. ..................................................................................... 20 
Figure 11. Examples of clinical drug with high MW (>500). ............................................................................................ 23 
Figure 12. Compounds with different ALERTS aspects but used as clinical drug. ............................................................ 23 
Figure 13. Bar graph of RoF for AIC-C compounds. The horizontal bars represent the respective limit value of RoF and 

are indicated with the same colour of the graph in clustered column and line. The hydrogen bond donors and acceptors 

(HBD and HBA in grey and orange, respectively); logP value in blue bar; molecular weight (MW) in black and PSA in 

yellow using line representation. The compounds above the horizontal bars represent the compounds outside the RoF and 

Veber’s rule (Veber for PSA value). Cut-off value: logP<5; HBA<10; HBD<5; MW<500; PSA<100. ........................... 26 
Figure 14. The principal hotspots identified at dimer interface of the active hTS, F59 and Y202 underline in blue. I178 

not showed in this picture is under the β sheet near at F59 (precise position could be seen in our reference paper 34). .... 31 
Figure 15. Tethering process model in which the green shape bearing the thiol group is the hTS protein interface, the 

coloured disulphide compounds (red, yellow and violet) bind to the Y202C mutant closest binding site. The binding is 

driven by the affinity of the compound for the protein surface and stabilized by the disulphide bond. Mass Spectrometry 

experiments show the covalent heterodisulfide complexes. ............................................................................................... 32 
Figure 16. Identification of fragment from tethering work. ............................................................................................... 34 
Figure 17. First compounds with hTS dimer disrupters mechanism. ................................................................................. 35 
Figure 18. hTS representation. On the left: in red the region of the active site; R 175 is emphasized due its utility, in fact, 

when the two monomers interact, R 175 goes deep inside the other subunit. Actually, it plays an essential role for the 

catalytic activity of the protein due to the fact that it binds the phosphate moiety of the opposite dUMP monomer. On the 

right: LC1130 interacts with the important residues of this pocket; one of them is R175, the arginine that binds to the 

phosphate of dUMP. .......................................................................................................................................................... 35 
Figure 19. First PPI against hTS. ....................................................................................................................................... 36 
Figure 20. On the left hTS dimeric form. Red circle indicates the targeted cavity respectively present on each monomer. 

On the right, the interaction between the two monomers (around the Y202 pocket). The aromatic ring of F59 and Y202 

make a strong π-stacking interaction. H-bonds betweenY202, D254 are present. ............................................................. 37 
Figure 21. Schematic representation of TS’s different situations; a) Physiological conditions. b) Presence of 

inhibitor/substrate. c) Presence of dimer dissociative inhibitors. ....................................................................................... 38 
Figure 22. Pipeline visualization for fragments and compounds selection process ............................................................ 38 
Figure 23. Fragments representation of compounds development from LC1296. .............................................................. 39 
Figure 24. Fragment A structural modifications performed on LC1296. ........................................................................... 40 
Figure 25. Binding pattern description of the interaction of LC1130 compound with hTS binding site residues. Fragment 

A makes a strong π-stacking with R64 and Y202. At the same time, Fragment C interaction with R175 may contribute to 

the correct conformation of Fragment B. ........................................................................................................................... 41 
Figure 26. Snap-shot details of the binding interaction of compound LC1130 (in dark green) with the interface residue 

R64, Y202 and R175 (in orange). Blue cartoon represents the monomer. Snap-shot generated by Pymol Software......... 41 
Figure 27. Bioisosteric and homologous replacement of thio-acetamidic linker. ............................................................... 42 
Figure 28. Fragment C chemical modifications. ................................................................................................................ 43 
Figure 29. Perturbation of dimer-monomer equilibrium in presence of antimetabolites. ................................................... 44 
Figure 30. Project strategy. Perturbation of dimer-monomer equilibrium in the presence of PPI. ..................................... 44 
Figure 31. AIC compounds series clusterization ................................................................................................................ 45 
Figure 32. HIT (LC1130 and LEAD (LC1296 and LC1343 molecular properties of the dissociative inhibitors and lead 

optimization perspective. ................................................................................................................................................... 46 
Figure 33. Structures and molecular fragments of compounds LC1296 and LC1343. The Fragments will be studied in my 

thesis work. ........................................................................................................................................................................ 48 
Figure 34. LC1343 development strategy. ......................................................................................................................... 49 



160 

 

Figure 35. LC1343 development strategy in fragment portion........................................................................................... 49 
Figure 36. Benzothiazole replacement carried out with LC1343. ...................................................................................... 53 
Figure 37. LC1296 development strategy in fragment portion........................................................................................... 53 
Figure 38. Fluorescently labelled TS inhibitor. ................................................................................................................. 56 
Figure 39. Fluorescently labelled TS inhibitor. .................................................................................................................. 57 
Figure 40. General mechanism of coupling step with EDC.HCl and HOBt....................................................................... 64 
Figure 41. LC1343 development strategy in fragment portion........................................................................................... 65 
Figure 42. hTS enzymatic correlation in linker modification. ............................................................................................ 78 
Figure 43. IC50 values of AIC-C compounds. .................................................................................................................... 79 
Figure 44. The AIC-C compounds showing the highest hTS inhibition potency. .............................................................. 80 
Figure 45. FRET values of AIC-C compounds at different concentrations. ....................................................................... 82 
Figure 46. Cluster bar of FRET value of best AIC-C. ........................................................................................................ 83 
Figure 47. Radar representation of cells survival activity; Black (HT29), Blue (A2780). The figure indicates a better 

activity when the compound reaches the external radar cycle on 0% of survival (highlighter with green background). ... 84 
Figure 48. AIC-C compounds cytotoxicity against HT29 (the highest bar shows a highest survival). .............................. 85 
Figure 49. AIC-C compounds cytotoxicity against A2780 (the highest bar shows a highest survival). ............................. 86 
Figure 50. NMR Hydrogen Deuterium Exchange. ............................................................................................................. 88 
Figure 51. Chromatograms of single (+)-LC1343 enantiomers obtained by chiral semi-preparative chromatography. 

Column: Chiralcel® OD (250 × 4.6 mm I.D., 5 μm), mobile phase: water:acetonitrile 2:98 (v/v), flow rate: 1 mL/min; λ = 

254 nm. .............................................................................................................................................................................. 90 
Figure 52. (A) Enantioseparation of LC1343 enantiomers on the Chiralcel OD-RH column. (B) Comparison between the 

experimental CD spectra of the enantiomers of LC1343 and the calculated CD spectrum of (S)-LC1343. ....................... 92 
Figure 53. Percent of hTS enzymatic inhibition of the pure enantiomeric forms (+) E7, (-) E7 and racemic E7. .............. 93 
Figure 54. Percent of cell survival of pure enantiomeric form. Experimental standard error (+/- 20%). ........................... 94 
Figure 55. Superposition of the best ranked pharmacophore model (ADHRR) features with one of the most active 

ligands in the set, LC1343-(S). The features have been labelled as follows: A - hydrogen bond acceptor; D - hydrogen 

bond donor; H - hydrophobic; R - aromatic ring. ............................................................................................................... 95 
Figure 56. B24 hTS inhibitions. ......................................................................................................................................... 96 
Figure 57. Results obtained using the confocal microscope to observe the LysoTracker and compound internalization. 

AIC-B24 is observed after 72h (green colour), right-bottom, but Lysotracker is not observed (no red spots on the left 

bottom). .............................................................................................................................................................................. 98 
Figure 58. Lysotracker signal detected with the Imagestream after 24h (left) and 72h (right) from administration of AIC-

B24. The colocalization (obtained by overlying the green and the red spots on the left at 72h) of the colour (red and 

green) demonstrate that the compound is into the lysosomes (bottom-right). .................................................................... 99 
Figure 59. Bio-imaging studies of internalization using the ImageStream flow cytometer. The results show that the 

internalization is already high, and saturation is observed at the lowest concentration tested of 25 µM. Earlier events 

should be observed to detect the concentration dependent effect ..................................................................................... 100 
Figure 60. Mechanistic details of the FRET experiments to show 1. the dissociative effect of the inhibitor on the 

recombinant hTS; 2. the target engagement in cancer cells. ............................................................................................ 101 
Figure 61. Brief description of the cellular mechanism of action of the dissociative inhibitors at the cellular level. Images 

showing the FRET signal revealed in cells non transfected with the tetra cysteine (TC) TS mutant, with the TC mutant 

and then with Folic acid tagged with FITC as positive control (green spots) and LRamide-FITC as negative control 

(upper panel). FRET experiment with B24) (green spots) (bottom panel. FRET data results report as point count for the 

control and AIC-B24 observed. Experiments performed by A. Cordeiro, M. Raimondi and N. Santares, IBMC, Porto. 102 
Figure 62. E7 and 5-FU effects on tumour growth, detected in blood samples with the G-Luc Standard deviation and 

points of graph is the mean values obtained from the six mice in each group. Points indicate mean values obtained from 

the analysis of the six mice in each group. Bars indicate standard deviation. Asterisks indicate P<0.05 (*) or P<0.01 (**) 

vs control. # indicates P<0.05 vs 5-FU. P values were calculated by repeated measures analysis of variance (ANOVA) 

followed by the Tukey's test for multiple comparisons. ................................................................................................... 104 
Figure 63. Correlation of FRET (X-axis) \Cytotoxicity (Y-axis) in survival representation at 40 µM for cell and 20 µM at 

1h for FRET assay. Orange: A2780 cell; Blue: HT29 cell. .............................................................................................. 107 
Figure 64. Correlation of FRET (X-axis) \Cytotoxicity (Y-axis) in survival representation at 40 µM for cell and 10 µM in 

FRET assay. Orange: A2780 cell; Blue: HT29 cell. ........................................................................................................ 108 
Figure 65. AIC-C37 modification for amine salts formation. .......................................................................................... 109 
Figure 66. Correlation of FRET (X-axis) \hTS IC50 (Y-axis). .......................................................................................... 110 
Figure 67. AIC-C compounds with FRET and hTS inhibitions. ...................................................................................... 111 
Figure 68. Pipeline evolution from left to right: hit, first lead optimization results (AIC-C31 and AIC-C37) ................. 117 
 

  



161 

 

List of Tables 

Table 1. linker validation. .................................................................................................................................................. 50 
Table 2. LC1343 development, compounds synthesized. .................................................................................................. 51 
Table 3. LC1296 chemical modification. ........................................................................................................................... 53 
Table 4. Optimization of step I condition between 4-Nitrothiophenol [i] and ethyl 2-bromo-2-(4-nitrophenyl)acetate. [ii] 

the reaction was performed with previously purification of i. [b]Yield of the isolated compound after purification. ........ 61 
Table 5. Benzothiazole exploration chemistry. .................................................................................................................. 65 
Table 6. LC1296 chemical modification. ........................................................................................................................... 69 
Table 7. EC50 value against cell lines. ................................................................................................................................ 86 
Table 8. Structures of the best compounds AIC-C for goals achievement (IC50 hTS, FRET at 20 µM, % of cell survival 

at 40 µM and\or IC50). ........................................................................................................................................................ 87 
Table 9. Racemization rate constants of (+)-E7 and (-)-E7 determined in buffer solutions. Time intervals for 

enantiomerization at 37.5 °C = 0′, 10′, 20′, 30′, 40′ and 50′. .............................................................................................. 91 
Table 10. Molecular and biological properties of the leads LC1296, LC1343 and the best compounds derived from the 

lead optimization work (C37 and derivatives B31-B33). AS: Aqueous Solubility (µM). Cellular activity reported as IC50.

 ......................................................................................................................................................................................... 112 
Table 11. Structure AIC-C compounds ............................................................................................................................ 163 
Table 12. RoF of AIC-C compounds. .............................................................................................................................. 169 
Table 13. Media of percentual inhibition values of AIC-C compounds against hTS target enzyme after 1 hour of 

incubation......................................................................................................................................................................... 171 
Table 14. Media of FRET values of AIC-C compounds ................................................................................................. 172 
Table 15. Percent inhibition values at 40 µM of AIC-C compounds against the HT29 and A2780 cell lines .................. 174 
 

 

 

  



162 

 

7. Appendix 



163 

 

Table 11. Structure AIC-C compounds 

Name Structure 

AIC-C1 

 
 

AIC-C2 

 

AIC-C3 

 

AIC-C4 

 

AIC-C5 

 

AIC-C6 

 

AIC-C7 
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Name Structure 

AIC-C8 

 

AIC-C9 

 

AIC-C10 

 

AIC-C11 

 

AIC-C12 

 

AIC-C13 

 

AIC-C14 

 

AIC-C15 
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Name Structure 

AIC-C16 

 

AIC-C17 

 

AIC-C18 

 

AIC-C19 

 

AIC-C20 

 

AIC-C21 

 

AIC-C22 

 

AIC-C23 

 

AIC-C24 
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Name Structure 

AIC-C25 

 

AIC-C26 

 

AIC-C27 

 

AIC-C28 

 

AIC-C29 

 

AIC-C30 

 

AIC-C31 

 

AIC-C32 
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Name Structure 

AIC-C33 

 

AIC-C34 

 

AIC-C35 

 

AIC-C36 

 

AIC-C37 

 

AIC-C38 

 

AIC-C39 

 

AIC-C40 

 

AIC-C41 
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Name Structure 

AIC-C42 

 

LC1343 

(E7) 

 

LC1296 

(E5) 

 

LC1270 
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Table 12. RoF of AIC-C compounds. 

Name logP HBA HBD MW PSA 

AIC-C1 4.4838 3 1 436.4803 123.84 

AIC-C2 3.4931 3 1 437.5131 181.19 

AIC-C3 3.2491 3 1 374.4109 123.84 

AIC-C4 2.9981 1 1 360.3843 134.84 

AIC-C5 6.1742 2 1 449.5453 138.67 

AIC-C6 1.3375 5 2 398.3893 167.61 

AIC-C7 4.9679 3 1 450.5069 123.84 

AIC-C8 5.0572 4 1 479.5282 164.97 

AIC-C9 3.8052 5 2 480.5759 111.19 

AIC-C10 3.5712 3 3 416.4955 112.18 

AIC-C11 3.8216 4 2 450.5499 101.96 

AIC-C12 5.4002 3 2 461.599 124.63 

AIC-C13 4.1062 2 1 445.5765 77.95 

AIC-C14 4.1756 2 2 404.5246 83.5 

AIC-C15 5.6438 2 1 480.6205 74.71 

AIC-C16 6.1441 2 1 489.4901 138.67 

AIC-C17 6.1112 3 1 575.6784 181.19 

AIC-C18 5.169 4 1 481.5441 157.13 

AIC-C19 5.4408 4 1 507.5813 164.97 

AIC-C20 4.3893 2 2 422.563 108.8 

AIC-C21 5.8264 3 2 475.6256 124.63 

AIC-C22 2.9713 4 3 393.4589 116.62 

AIC-C23 4.4252 2 1 413.3941 138.67 

AIC-C24 2.6263 2 2 328.3458 126.22 
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AIC-C25 4.4714 2 1 449.5221 110.01 

AIC-C26 5.1762 3 2 512.4419 124.63 

AIC-C27 3.3349 3 2 442.5328 101.32 

AIC-C28 3.3986 4 3 476.5706 167.72 

AIC-C29 3.2525 4 3 368.3303 110.69 

AIC-C30 1.8362 5 3 378.4228 153.21 

AIC-C31 3.9152 4 2 499.6072 142.45 

AIC-C32 4.6668 5 2 519.6351 150.93 

AIC-C33 5.2145 5 2 533.6617 150.93 

AIC-C34 5.0922 3 2 467.9909 124.63 

AIC-C35 5.4073 2 1 439.4826 138.67 

AIC-C36 4.0231 3 1 350.3151 87.3 

AIC-C37 4.9344 3 2 437.4915 158.9 

AIC-C38 5.2018 2 1 421.4921 138.67 

AIC-C39 3.8048 3 1 451.5397 181.19 

AIC-C40 4.8078 2 1 415.4644 110.43 

AIC-C41 6.1441 2 1 489.4901 138.67 

AIC-C42 3.9538 4 2 511.6362 167.15 

LC-1343 4.7278 3 1 499.5825 181.19 
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Table 13. Media of percentual inhibition values of AIC-C compounds against hTS target 

enzyme after 1 hour of incubation 

Compound code % Inh. hTS at 20 µM Compound code % Inh. hTS at 20 µM 

AIC-C1 1 AIC-C23 19.48 

AIC-C2 23 AIC-C24 10.49 

AIC-C3 33 AIC-C25 9.94 

AIC-C4 26 AIC-C26 10.57 

AIC-C5 0 AIC-C27 28.99 

AIC-C6 24 AIC-C28 27.34 

AIC-C7 13 AIC-C29 28.42 

AIC-C8 7 AIC-C30 24.45 

AIC-C9 45 AIC-C31 24.85 

AIC-C10 36 AIC-C32 22.88 

AIC-C11 26 AIC-C33 20.64 

AIC-C12 34 AIC-C34 27.29 

AIC-C13 22 AIC-C35 23.75 

AIC-C14 12 AIC-C36 21.89 

AIC-C15 7 AIC-C37 42.87 

AIC-C16 3 AIC-C38 7.35 

AIC-C17 19.6 AIC-C39 19.48 

AIC-C18 4.7 AIC-C40 29.09 

AIC-C19 5 AIC-C41 33.96 

AIC-C20 15.53 AIC-C42 28.59 

AIC-C21 21.27 LC1343 49.11 

AIC-C22 5.63   
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Table 14. Media of FRET values of AIC-C compounds 

Compound code FRET 10µM time 1h FRET 20µM time 1h FRET 40µM time 1h 

AIC-C1  0.027  

AIC-C2  artefact  

AIC-C3  -0.098  

AIC-C4  0.002  

AIC-C5  0.043  

AIC-C6  -0.011  

AIC-C7  -0.174  

AIC-C8  -0.005  

AIC-C9  0.04  

AIC-C10  -0.088  

AIC-C11  -0.015  

AIC-C12  0.361  

AIC-C13  -0.025  

AIC-C14  -0.053  

AIC-C15  0.131  

AIC-C16 -0.012 0.096 0.47 

AIC-C17 -0.02477 0.13706 0.35622 

AIC-C18 -0.11561 -0.09805 -0.02539 

AIC-C19 -0.06401 -0.08665 0.03529 

AIC-C20 -0.01052 0.05888 0.26320 

AIC-C21 -0.43307 -0.32683 -0.23141 

AIC-C22 -0.04837 -0.10015 -0.24163 

AIC-C23 -0.07537 -0.07693 -0.11853 

AIC-C24 -0.11594 -0.18065 -0.28720 

AIC-C25 -0.11985 -0.16365 -0.25300 
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AIC-C26 0.16613 0.57145 0.91731 

AIC-C27 -0.12293 -0.17443 -0.30604 

AIC-C28 -0.14201 -0.18528 -0.39401 

AIC-C29 0.04903 0.47351 0.57165 

AIC-C30 0.02301 0.09612 0.14123 

AIC-C31 -0.76056 -0.29682 0.02377 

AIC-C32 0.07243 0.30328 0.58648 

AIC-C33 0.28630 0.61753 0.73418 

AIC-C34 0.20258 0.50686 0.80043 

AIC-C35 -0.08330 0.00521 0.08675 

AIC-C36 -0.02862 -0.05252 -0.04751 

AIC-C37 -0.69150 -0.68979 -0.71297 

AIC-C38 -0.09349 -0.01382 0.06457 

AIC-C39 -0.04050 -0.09483 -0.14007 

AIC-C40 0.01892 0.05826 0.14385 

AIC-C41 -0.22861 -0.05987 0.03620 

AIC-C42 0.00627 -0.01106 0.18728 

LC1343 -0.11835 -0.02175 0.32214 
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Table 15. Percent inhibition values at 40 µM of AIC-C compounds against the HT29 and 

A2780 cell lines 

Compound code % HT29 survival at 40 µM % A2780 survival at 40 µM 

AIC-C1 66.24 92.54 

AIC-C2 88.00 93.00 

AIC-C3 75.29 94.00 

AIC-C4 73.45 100.00 

AIC-C5 32.60 49.00 

AIC-C6 95.25 85.11 

AIC-C7 87.41 81.00 

AIC-C8 83.97 100.00 

AIC-C9 26.00 21.00 

AIC-C10 45.00 32.00 

AIC-C11 41.00 43.00 

AIC-C12 23.00 18.00 

AIC-C13 38.00 19.00 

AIC-C14 36.00 29.00 

AIC-C15 29.00 24.00 

AIC-C16 23.00 8.00 

AIC-C17 49.00 22.00 

AIC-C18 47.00 18.00 

AIC-C19 26.00 7.00 

AIC-C20 85.00 82.00 

AIC-C21 84.00 66.00 

AIC-C22 93.00 95.00 

AIC-C23 89.06 71.43 

AIC-C24 79.00 60.00 
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AIC-C25 77.00 54.50 

AIC-C26 14.32 24.18 

AIC-C27 76.00 63.00 

AIC-C28 94.66 61.90 

AIC-C29 13.00 23.00 

AIC-C30 84.00 69.00 

AIC-C31 37.38 71.43 

AIC-C32 41.26 43.19 

AIC-C33 21.00 75.73 

AIC-C34 29.00 62.00 

AIC-C35 15.00 27.00 

AIC-C36 77.55 91.85 

AIC-C37 48.00 28.00 

AIC-C38 54.00 30.00 

AIC-C39 62.00 24.00 

AIC-C40 75.00 77.00 

AIC-C41 55.00 25.00 

AIC-C42 63.00 27.00 

LC1343 52.50 29.50 
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Compound 

number 
NEW 

Melting 

point 

range 

1H NMR 13C NMR MS 
ESI-

HRMS 

AIC-C1 X X X X X X 

AIC-C2 X X X X X X 

AIC-C3 X X X X X X 

AIC-C4 X X X X X X 

AIC-C5 X X X X X X 

AIC-C6 X X X X X X 

AIC-C7 X X X X X X 

AIC-C8 X X X X X X 

AIC-C9 X X X X X X 

AIC-C10 X X X X X X 

AIC-C11 X X X X X X 

AIC-C12 X X X X X X 

AIC-C13 X X X X X X 

AIC-C14 X X X X X X 

AIC-C15 X X X X X X 

AIC-C16 X X X X X X 

AIC-C17 X X X X X X 

AIC-C18 X X X X X X 
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AIC-C19 X X X X X X 

AIC-C20 X X X X X X 

AIC-C21 X X X X X X 

AIC-C22 X X X X X X 

AIC-C23 X X X X X X 

AIC-C24 X X X X X X 

AIC-C25 X X X X X X 

AIC-C26 X X X X X X 

AIC-C27 X X X X X X 

AIC-C28 X X X X X X 

AIC-C29 X X X X X X 

AIC-C30 X X X X X X 

AIC-C31 X X X X X X 

AIC-C32 X X X X X X 

AIC-C33 X X X X X X 

AIC-C34 X X X X X X 

AIC-C35 X X X X X X 

AIC-C36 X X X X X X 

AIC-C37 X X X X X X 
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AIC-C38 X X X X X X 

AIC-C39 X X X X X X 

AIC-C40 X X X X X X 

AIC-C41 X X X X X X 

AIC-C42 X X X X X X 
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8. Papers Appendix  
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Publications: 

In preparation:  

1. Thymidylate synthase dimer-to-monomer switching enhances proteasomal degradation and 

inhibits cancer growth in vivo. Under submission. 

2. PATENT: Novel PPI inhibitors against cell tumour growth. Under preparation. 

3. Lead optimization of protein-protein interaction inhibitors of the human Thymidylate 

synthase dimeric enzyme. Under preparation. 

4. Site-specific mutagenesis as a tool for the identification of the binding mode of PPI hTS 

inhibitors. Under preparation. 

Paper published 

 

• Quotadamo, A., P. Linciano, M.P. Costi, and A. Venturelli. 2019. “Optimization of N-

Alkylation in the Synthesis of Methotrexate and Pteridine-Based Derivatives Under Microwave-

Irradiation.” ChemistrySelect 4 (15). https://doi.org/10.1002/slct.201900721. 

• Borsari, C., A. Quotadamo, S. Ferrari, A. Venturelli, A. Cordeiro-da-Silva, N. Santarem, 

and M.P. Costi. 2018. Scaffolds and Biological Targets Avenue to Fight Against Drug Resistance 

in Leishmaniasis. Annual Reports in Medicinal Chemistry. Vol. 51. 

https://doi.org/10.1016/bs.armc.2018.08.002. 

• Cendron, L., A. Quotadamo, L. Maso, P. Bellio, M. Montanari, G. Celenza, A. Venturelli, 

M.P. Costi, and D. Tondi. 2019. “X-Ray Crystallography Deciphers the Activity of Broad-

Spectrum Boronic Acid β-Lactamase Inhibitors.” ACS Medicinal Chemistry Letters 10 (4). 

https://doi.org/10.1021/acsmedchemlett.8b00607. 

• Ferrari, S., L. Severi, C. Pozzi, A. Quotadamo, G. Ponterini, L. Losi, G. Marverti, and M.P. 

Costi. 2018. Human Thymidylate Synthase Inhibitors Halting Ovarian Cancer Growth. Vitamins 

and Hormones. Vol. 107. https://doi.org/10.1016/bs.vh.2017.12.002. 

• Linciano, P., C.B. Moraes, L.M. Alcantara, A. Quotadamo, C.H. Franco, B. Pascoalino, 

L.H. Freitas-Junior, S. Macedo, et al. 2018. “Aryl Thiosemicarbazones for the Treatment of 

Trypanosomatidic Infections.” European Journal of Medicinal Chemistry 146. 

https://doi.org/10.1016/j.ejmech.2018.01.043. 

• Linciano, P., C. Pozzi, L.D. Iacono, A. Quotadamo, F. Di Pisa, G. Landi, A. Bonucci, S. 

Gul, et al. 2019. “Enhancement of Benzothiazoles as Pteridine Reductase-1 Inhibitors for the 

Treatment of Trypanosomatidic Infections.” Journal of Medicinal Chemistry 62 (8). 

https://doi.org/10.1021/acs.jmedchem.8b02021. 

• Moraes, C.B., G. Witt, M. Kuzikov, B. Ellinger, T. Calogeropoulou, A. Quotadamo, K.C. 

Prousis, S. Mangani, et al. 2019. “Accelerating Drug Discovery Efforts for Trypanosomatidic 



181 

 

Infections Using an Integrated Transnational Academic Drug Discovery Platform.” SLAS 

Discovery 24 (3). https://doi.org/10.1177/2472555218823171. 

• Panecka-Hofman, J., I. Pöhner, F. Spyrakis, A. Quotadamo, T. Zeppelin, F. Di Pisa, L. 

Dello Iacono, A. Bonucci, et al. 2017. “Comparative Mapping of On-Targets and off-Targets for 

the Discovery of Anti-Trypanosomatid Folate Pathway Inhibitors.” Biochimica et Biophysica Acta 

- General Subjects 1861 (12). https://doi.org/10.1016/j.bbagen.2017.09.012. 

• Quotadamo, A., P. Linciano, P. Davoli, D. Tondi, M.P. Costi, and A. Venturelli. 2016. “An 

Improved Synthesis of CENTA, a Chromogenic Substrate for β-Lactamases.” Synlett 27 (17). 

https://doi.org/10.1055/s-0035-1562454. 

• Santucci, M., F. Spyrakis, S. Cross, A. Quotadamo, D. Farina, D. Tondi, F. De Luca, et al. 

2017. “Computational and Biological Profile of Boronic Acids for the Detection of Bacterial 

Serine- and Metallo-β-Lactamases.” Scientific Reports 7 (1). https://doi.org/10.1038/s41598-017-

17399-7. 

• Spyrakis, F., P. Bellio, A. Quotadamo, P. Linciano, P. Benedetti, G. D’Arrigo, M. Baroni, 

L. Cendron, G. Celenza, and D. Tondi. 2019. “First Virtual Screening and Experimental Validation 

of Inhibitors Targeting GES-5 Carbapenemase.” Journal of Computer-Aided Molecular Design 33 

(2). https://doi.org/10.1007/s10822-018-0182-2. 

 

Poster Presentations: 

1. Antonio Quotadamo, Benjamin Perry, An Matheeussen, Michael P. Pollastri, Lori 

Ferrins. Imidazopyridine hit to candidate medicinal chemistry optimization for neglected 

tropical diseases. Gordon Research Seminar on Medicinal Chemistry (GRS), August 

03-04, 2019 - Colby-Sawyer College in New London, NH United States. 

2. A.Quotadamo, M. Santucci, A. Lauriola, M, Raimondi, E. Giovannetti, G. J Peters, G. 

Cannazza, L. Costantino, M. P. Costi. Design, Synthesis, In Vitro and In Vivo Evaluation 

of Novel Inhibitors Reducing Thymidylate Synthase Protein Level in Cancer Cells. VIII 

Meeting of the Paul Ehrlich Euro-PhD Network, July 12-14 2018 – Porto (Portugal). 

3. Sara Macedo, David M. Costa, Nuno Santarém, Antonio Quotadamo, Sheraz Gul, Alberto 

Venturelli, Maria Paola Costi, Anabela Cordeiro-da-Silva. Pteridine derivatives and 

synergism with methotrexate: where are we now?. Third NMTrypI Consortium 

Meeting, (New Medicines for Trypanosomatidic Infections), November 17-20, 2016 - 

Athens, Greece. 

4. Antonio Quotadamo, Anabela Cordeiro-da-Silva, Sheraz Gul, Rebecca C. Wade, Ina 

Poehner, M. P. Costi, Alberto Venturelli. Pteridine derivatives as potent ptr1 inhibitors for 

the treatment of Trypanosomiasis and leishmaniasis. Conference: 1st WG meeting – 

https://doi.org/10.1007/s10822-018-0182-2
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MuTaLig COST Action \ 6th Meeting of the Paul Ehrlich MedChem Euro-PhD 

Network, November 17-20, 2016 - Budapest, Hungary. 

 

Oral Presentations: 

AIRC Meeting Modena, June 20th, 2017: “Synthesis of LC1343 \ 1296 and their conjugation with 

fluorescent probes; development of new compounds with phenylacetamide scaffold”  

AIRC Meeting Modena, July 24th, 2018: “Design, Synthesis, In Vitro and In Vivo Evaluation of 

Novel Inhibitors Reducing Thymidylate Synthase Protein Level in Cancer Cells”  

AIRC Meeting Modena, November 26th, 2019: “Data and SAR analysis of all AIRC project for the 

design of new compounds 

Meeting Modena, December 4th, 2019: Imidazopyridine hit to candidate medicinal chemistry 

optimization for neglected tropical diseases in global consortium of pharmaceutical companies 

Co-relator of experimental degree thesis: 

• Martina Montanari. Degree in Pharmaceutical Chemistry and Technologies, November 

2018. Title:  Structure-based Drug Design and optimization of novel Beta-Lactamases 

inhibitors 

• Sara Trevisan. Degree in Pharmaceutical Chemistry and Technologies, April 2018. Title: 

Structure and ligand-based drug design in the development of novel thymidylate synthase 

dimer disruptors through benzothiazole modifications 

• Martina Raimondi. Degree in Pharmaceutical Chemistry and Technologies, November 

2017. Title: Thymidylate synthase inhibitors compartmentalization inside cancer cells, 

characterized via imaging techniques.  

 

Video presentation: 

Project Regione Emilia Romagna 2019: QUI le idee diventano realtà - Racconta il tuo progetto di 

ricerca: https://www.youtube.com/watch?v=U3v4Zbgaq6E&list=PLUFJ9bJY5gCISofk-

dxXuOkv6FZNCS5t9&index=4 
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Meetings:  

• Gordon Research Seminar on Medicinal Chemistry (GRS), August 03-04, 2019 in New 

London, NH United States. 

• AIRC Italian meeting; December 14th, 2018 in Modena, Italy  

• AIRC Italian meeting; July 24th, 2018 in Modena, Italy 

• VIII Meeting of the Paul Ehrlich Euro-PhD Network; July 12-14 2018 in Porto, Portugal 

• BIGCHEM second Autumn School: Computer-Aided Drug Discovery; October 25-27th 

2017 in Modena, Italy 

• AIRC Italian meeting; June 20th, 2017 in Modena, Italy  

 

ACTIVITIES / APPOINTMENTS (grant, start-up, patent) 

Awarded a fellowship granted by the Organizing Committee to participate to 1st Edition of the 

“INTERNATIONAL SCHOOL OF PROCESS CHEMISTRY – ISPROCHEM” held in 

Gargnano (Brescia) 26-29 March 2017 

 

MISSIONS / COLLABORATIONS 

12/1/2019 to 30/09/2019 abroad time: Laboratory for Neglected Disease Drug Discovery, under the 

supervision of Prof. Michael Pollastri, at Northeastern University, Boston, USA.  

  



184 

 

9. References 
1. Weber, G. Enzymology of Cancer Cells. New England Journal of Medicine 296, 486–493 

(1977). 

2. Cao, Y. Tumorigenesis as a process of gradual loss of original cell identity and gain of 
properties of neural precursor/progenitor cells. Cell and Bioscience 7, 1–14 (2017). 

3. Klein, C. A. Cancer: The metastasis cascade. Science 321, 1785–1787 (2008). 

4. Kunnumakkara, A. B. et al. Cancer drug development: The missing links. Exp. Biol. Med. 
(Maywood). 244, 663–689 (2019). 

5. All cancers excl. non-melanoma skin cancer. (2018). 

6. Bookman, M. A. Standard treatment in advanced ovarian cancer in 2005: The state of the 
art. International Journal of Gynecological Cancer 15, 212–220 (2005). 

7. Shewach, D. S. & Kuchta, R. D. Introduction to cancer chemotherapeutics. Chemical 
Reviews 109, 2859–2861 (2009). 

8. Singh, R. K. et al. IGF-1R inhibition potentiates cytotoxic effects of chemotherapeutic 
agents in early stages of chemoresistant ovarian cancer cells. Cancer Lett. 354, 254–262 
(2014). 

9. Gangadhar, T. C. & Vonderheide, R. H. Mitigating the toxic effects of anticancer 
immunotherapy. Nature Reviews Clinical Oncology 11, 91–99 (2014). 

10. Fu, D., Calvo, J. A. & Samson, L. D. Balancing repair and tolerance of DNA damage caused 
by alkylating agents. Nature Reviews Cancer 12, 104–120 (2012). 

11. Hochhaus, A. & La Rosée, P. Imatinib therapy in chronic myelogenous leukemia: Strategies 
to avoid and overcome resistance. Leukemia 18, 1321–1331 (2004). 

12. Hartmann, J., Haap, M., Kopp, H.-G. & Lipp, H.-P. Tyrosine Kinase Inhibitors – A Review on 
Pharmacology, Metabolism and Side Effects. Curr. Drug Metab. 10, 470–481 (2009). 

13. Coulson, A., Levy, A. & Gossell-Williams, M. Monoclonal antibodies in cancer therapy: 
Mechanisms, successes and limitations. West Indian Med. J. 63, 650–654 (2014). 

14. Jones, S. & Thornton, J. M. Principles of protein-protein interactions. Proceedings of the 
National Academy of Sciences of the United States of America 93, 13–20 (1996). 

15. Marcotte, E. M. et al. Detecting protein function and protein-protein interactions from 
genome sequences. Science (80-. ). 285, 751–753 (1999). 

16. Arkin, M. M. R. & Wells, J. A. Small-molecule inhibitors of protein-protein interactions: 
Progressing towards the dream. Nature Reviews Drug Discovery 3, 301–317 (2004). 

17. Lawson, A. D. G., MacCoss, M. & Heer, J. P. Importance of Rigidity in Designing Small 
Molecule Drugs To Tackle Protein–Protein Interactions (PPIs) through Stabilization of 
Desired Conformers. J. Med. Chem. 61, 4283–4289 (2018). 

18. O. Villoutreix, B., M. Labbe, C., Lagorce, D., Laconde, G. & Sperandio, O. A Leap into the 
Chemical Space of Protein-Protein Interaction Inhibitors. Curr. Pharm. Des. 18, 4648–4667 
(2012). 

19. DeVita, V. T. & Chu, E. A history of cancer chemotherapy. Cancer Research 68, 8643–8653 
(2008). 



185 

 

20. Ferlay, J. et al. Estimating the global cancer incidence and mortality in 2018: GLOBOCAN 
sources and methods. International Journal of Cancer 144, 1941–1953 (2019). 

21. Kumar, V., Abbas, A. K., Fausto, N. & Aster, J. C. Robbins and Cotran Pathologic Basis of 
Disease, Professional Edition: Expert Consult-Online. Robbins and Cotran Pathologic Basis 
of Disease (2009). 

22. Ovarian cancer statistics | World Cancer Research Fund. Available at: 
https://www.wcrf.org/dietandcancer/cancer-trends/ovarian-cancer-statistics. (Accessed: 
25th February 2020) 

23. Romero, I. & Bast, R. C. Minireview: Human Ovarian Cancer: Biology, current management, 
and paths to personalizing therapy. Endocrinology 153, 1593–1602 (2012). 

24. Todd, R. C. & Lippard, S. J. Inhibition of transcription by platinum antitumor compounds. 
Metallomics 1, 280–291 (2009). 

25. Gordon, A. N. et al. Phase II study of liposomal doxorubicin in platinum- and paclitaxel-
refractory epithelial ovarian cancer. J. Clin. Oncol. 18, 3093–3100 (2000). 

26. Ferrari, S. et al. Human Thymidylate Synthase Inhibitors Halting Ovarian Cancer Growth. 
Vitamins and Hormones 107, (2018). 

27. Chu, G., Mantin, R., Shen, Y. M., Baskett, G. & Sussman, H. Massive cisplatin overdose by 
accidental substitution for carboplatin. Toxicity and management. Cancer 72, 3707–14 
(1993). 

28. Agarwal, R. & Kaye, S. B. Ovarian cancer: Strategies for overcoming resistance to 
chemotherapy. Nature Reviews Cancer 3, 502–516 (2003). 

29. Siddik, Z. H. Cisplatin: Mode of cytotoxic action and molecular basis of resistance. 
Oncogene 22, 7265–7279 (2003). 

30. Rabik, C. A. & Dolan, M. E. Molecular mechanisms of resistance and toxicity associated 
with platinating agents. Cancer Treatment Reviews 33, 9–23 (2007). 

31. Borst, P., Rottenberg, S. & Jonkers, J. How do real tumors become resistant to cisplatin? 
Cell Cycle 7, 1353–1359 (2008). 

32. Parker, R. J., Eastman, A., BostickBruton, F. & Reed, E. Acquired cisplatin resistance in 
human ovarian cancer cells is associated with enhanced repair of cisplatin-DNA lesions and 
reduced drug accumulation. J. Clin. Invest. 87, 772–777 (1991). 

33. Vaughan, S. et al. Rethinking ovarian cancer: Recommendations for improving outcomes. 
Nature Reviews Cancer 11, 719–725 (2011). 

34. Cardinale, D. et al. Protein-protein interface-binding peptides inhibit the cancer therapy 
target human thymidylate synthase. Proc. Natl. Acad. Sci. U. S. A. 108, (2011). 

35. Costi, M. et al. Thymidylate Synthase Structure, Function and Implication in Drug 
Discovery. Curr. Med. Chem. 12, 2241–2258 (2005). 

36. Carreras, C. W. & Santi, D. V. The Catalytic Mechanism and Structure of Thymidylate 
Synthase. Annu. Rev. Biochem. 64, 721–762 (1995). 

37. Chu, E. & Allegra, C. J. The role of thymidylate synthase as an RNA binding protein. 
BioEssays 18, 191–198 (1996). 

38. Phan, J. et al. Human thymidylate synthase is in the closed conformation when complexed 



186 

 

with dUMP and raltitrexed, an antifolate drug. Biochemistry 40, 1897–1902 (2001). 

39. Salo-Ahen, O. M. H. & Wade, R. C. The active-inactive transition of human thymidylate 
synthase: Targeted molecular dynamics simulations. Proteins Struct. Funct. Bioinforma. 79, 
2886–2899 (2011). 

40. Costi, M. P. Thymidylate synthase inhibition: A structure-based rationale for drug design. 
Medicinal Research Reviews 18, 21–42 (1998). 

41. Chu, E., Callender, M. A., Farrell, M. P. & Schmitz, J. C. Thymidylate synthase inhibitors as 
anticancer agents: From bench to bedside. in Cancer Chemotherapy and Pharmacology, 
Supplement 52, (2003). 

42. Liu, J. et al. Thymidylate synthase as a translational regulator of cellular gene expression. 
Biochimica et Biophysica Acta - Molecular Basis of Disease 1587, 174–182 (2002). 

43. Chu, E. et al. Autoregulation of human thymidylate synthase messenger RNA translation by 
thymidylate synthase. Proc. Natl. Acad. Sci. U. S. A. 88, 8977–8981 (1991). 

44. Lin, X., Liu, J., Maley, F. & Chu, E. Role of cysteine amino acid residues on the RNA binding 
activity of human thymidylate synthase. Nucleic Acids Res. 31, 4882–4887 (2003). 

45. Brunn, N. D., Garcia Sega, E., Kao, M. B. & Hermann, T. Targeting a Regulatory Element in 
Human Thymidylate Synthase mRNA. ChemBioChem 13, 2738–2744 (2012). 

46. Garg, D. et al. Novel Approaches for Targeting Thymidylate Synthase To Overcome the 
Resistance and Toxicity of Anticancer Drugs. J. Med. Chem. 53, 6539–6549 (2010). 

47. Jordan, V. C. A retrospective: On clinical studies with 5-fluorouracil. Cancer Research 76, 
767–768 (2016). 

48. Wang, J., Ren, K., Pérez, J., Silva, A. J. & Peña De Ortiz, S. The Antimetabolite ara-CTP 
Blocks Long-Term Memory of Conditioned Taste Aversion. Learn. Mem. 10, 503–509 
(2003). 

49. Li, X., Wei, S. & Chen, J. Critical appraisal of pemetrexed in the treatment of NSCLC and 
metastatic pulmonary nodules. OncoTargets and Therapy 7, 937–945 (2014). 

50. Salo-Ahen, O. M. H. et al. Hotspots in an Obligate Homodimeric Anticancer Target. 
Structural and Functional Effects of Interfacial Mutations in Human Thymidylate Synthase. 
J. Med. Chem. 58, 3572–3581 (2015). 

51. Peters, G. J. et al. Induction of thymidylate synthase as a 5-fluorouracil resistance 
mechanism. Biochimica et Biophysica Acta - Molecular Basis of Disease 1587, 194–205 
(2002). 

52. Kitchens, M. E., Forsthoefel, A. M., Rafique, Z., Spencer, H. T. & Berger, F. G. Ligand-
mediated induction of thymidylate synthase occurs by enzyme stabilization: Implications 
for autoregulation of translation. J. Biol. Chem. 274, 12544–12547 (1999). 

53. Ligabue, A., Marverti, G., Liebl, U. & Myllykallio, H. Transcriptional Activation and Cell Cycle 
Block Are the Keys for 5-Fluorouracil Induced Up-Regulation of Human Thymidylate 
Synthase Expression. PLoS One 7, e47318 (2012). 

54. Costi, M. P. et al. Structure-based studies on species-specific inhibition of thymidylate 
synthase. Biochimica et Biophysica Acta - Molecular Basis of Disease 1587, 206–214 (2002). 

55. Humeniuk, R., Mishra, P. J., Bertino, J. R. & Banerjee, D. Epigenetic reversal of acquired 
resistance to 5-fluorouracil treatment. in Molecular Cancer Therapeutics 8, 1045–1054 



187 

 

(2009). 

56. Rivera, E. & Gomez, H. Chemotherapy resistance in metastatic breast cancer: the evolving 
role of ixabepilone. Breast Cancer Res. 12, (2010). 

57. Schüller, J. et al. Preferential activation of capecitabine in tumor following oral 
administration to colorectal cancer patients. Cancer Chemother. Pharmacol. 45, 291–297 
(2000). 

58. Yoo, B. C. et al. Metabotropic glutamate receptor 4-mediated 5-fluorouracil resistance in a 
human colon cancer cell line. Clin. Cancer Res. 10, 4176–4184 (2004). 

59. Gu, W., Fang, F.-F., Li, B., Cheng, B.-B. & Ling, C.-Q. Characterization and resistance 
mechanisms of a 5-fluorouracil- resistant hepatocellular carcinoma cell line. Asian Pac. J. 
Cancer Prev. 13, 4807–14 (2012). 

60. Harada, K., Ferdous, T. & Ueyama, Y. Establishment of 5-fluorouracil-resistant oral 
squamous cell carcinoma cell lines with epithelial to mesenchymal transition changes. Int. 
J. Oncol. 44, 1302–1308 (2014). 

61. Meyers, M. et al. DNA mismatch repair-dependent response to fluoropyrimidine-
generated damage. J. Biol. Chem. 280, 5516–5526 (2005). 

62. Meyers, M., Wagner, M. W., Hwang, H. S., Kinsella, T. J. & Boothman, D. A. Role of the 
hMLH1 DNA mismatch repair protein in fluoropyrimidine-mediated cell death and cell 
cycle responses. Cancer Res. 61, 5193–5201 (2001). 

63. Fischer, J. A., Muller-Weeks, S. & Caradonna, S. J. Fluorodeoxyuridine modulates cellular 
expression of the DNA base excision repair enzyme uracil-DNA glycosylase. Cancer Res. 66, 
8829–8837 (2006). 

64. Shin, Y. K. et al. Down-regulation of mitochondrial F 1 F 0 -ATP synthase in human colon 
cancer cells with induced 5-fluorouracil resistance. Cancer Res. 65, 3162–3170 (2005). 

65. Shin, Y. K. et al. Upregulation of glycolytic enzymes in proteins secreted from human colon 
cancer cells with 5-fluorouracil resistance. Electrophoresis 30, 2182–2192 (2009). 

66. Zhang, B. et al. Loss of Smad4 in colorectal cancer induces resistance to 5-fluorouracil 
through activating Akt pathway. Br. J. Cancer 110, 946–957 (2014). 

67. Kang, K. A. et al. Epigenetic modification of Nrf2 in 5-fluorouracil-resistant colon cancer 
cells: Involvement of TET-dependent DNA demethylation. Cell Death Dis. 5, (2014). 

68. Drake, J. C., Allegra, C. J., Moran, R. G. & Johnston, P. G. Resistance to Tomudex (ZD1694): 
Multifactorial in human breast and colon carcinoma cell lines. Biochem. Pharmacol. 51, 
1349–1355 (1996). 

69. Longley, D. B., Harkin, D. P. & Johnston, P. G. 5-Fluorouracil: Mechanisms of action and 
clinical strategies. Nature Reviews Cancer 3, 330–338 (2003). 

70. Caradonna, S. J. & Cheng, Y. C. The role of deoxyuridine triphosphate nucleotidohydrolase, 
uracil-DNA glycosylase, and DNA polymerase alpha in the metabolism of FUdR in human 
tumor cells. Mol. Pharmacol. 18, 513–20 (1980). 

71. Grafstrom, R. H., Tseng, B. Y. & Goulian, M. The incorporation of uracil into animal cell DNA 
in vitro. Cell 15, 131–140 (1978). 

72. Matherly, L. H. & Hou, Z. Chapter 5 Structure and Function of the Reduced Folate Carrier. A 
Paradigm of a Major Facilitator Superfamily Mammalian Nutrient Transporter. Vitamins 



188 

 

and Hormones 79, 145–184 (2008). 

73. Hu, J. et al. Structural biology of transmembrane domains: Efficient production and 
characterization of transmembrane peptides by NMR. Protein Sci. 16, 2153–2165 (2007). 

74. Rothem, L. et al. Resistance to multiple novel antifolates is mediated via defective drug 
transport resulting from clustered mutations in the reduced folate carrier gene in human 
leukaemia cell lines. Biochem. J. 367, 741–750 (2002). 

75. Stark, M. & Assaraf, Y. G. Loss of Sp1 function via inhibitory phosphorylation in antifolate-
resistant human leukemia cells with down-regulation of the reduced folate carrier. Blood 
107, 708–715 (2006). 

76. Takemura, Y., Kobayashi, H. & Miyachi, H. Cellular and molecular mechanisms of resistance 
to antifolate drugs: new analogues and approaches to overcome the resistance. Int. J. 
Hematol. 66, 459–77 (1997). 

77. Zhao, R., Babani, S., Gao, F., Liu, L. & Goldman, I. D. The mechanism of transport of the 
multitargeted antifolate (MTA) and its cross-resistance pattern in cells with markedly 
impaired transport of methotrexate. Clin. Cancer Res. 6, 3687–3695 (2000). 

78. Marchi, E., Mangone, M., Zullo, K. & O’Connor, O. A. Pralatrexate pharmacology and 
clinical development. Clinical Cancer Research 19, 6657–6661 (2013). 

79. Raz, S., Stark, M. & Assaraf, Y. G. Binding of a Smad4/Ets-1 complex to a novel intragenic 
regulatory element in exon12 of FPGS underlies decreased gene expression and antifolate 
resistance in leukemia. Oncotarget 5, 9183–9198 (2014). 

80. Schneider, E. & Ryan, T. J. Gamma-glutamyl hydrolase and drug resistance. Clinica Chimica 
Acta 374, 25–32 (2006). 

81. Cole, P. D. et al. Effects of overexpression of γ-glutamyl hydrolase on methotrexate 
metabolism and resistance. Cancer Res. 61, 4599–4604 (2001). 

82. Taddia, L. et al. Inside the biochemical pathways of thymidylate synthase perturbed by 
anticancer drugs: Novel strategies to overcome cancer chemoresistance. Drug Resist. 
Updat. 23, 20–54 (2015). 

83. Shirasaki, T. et al. Effects of small interfering RNA targeting thymidylate synthase on 
survival of ACC3 cells from salivary adenoid cystic carcinoma. BMC Cancer 8, (2008). 

84. Shi, L. xi et al. Reversal effect of tyroservatide (YSV) tripeptide on multi-drug resistance in 
resistant human hepatocellular carcinoma cell line BEL-7402/5-FU. Cancer Lett. 269, 101–
110 (2008). 

85. Bulgar, A. D. et al. Removal of uracil by uracil DNA glycosylase limits pemetrexed 
cytotoxicity: Overriding the limit with methoxyamine to inhibit base excision repair. Cell 
Death Dis. 3, (2012). 

86. Hopkins, A. L. & Groom, C. R. The druggable genome. Nat. Rev. Drug Discov. 1, 727–730 
(2002). 

87. Lipinski, C. A., Lombardo, F., Dominy, B. W. & Feeney, P. J. Experimental and 
computational approaches to estimate solubility and permeability in drug discovery and 
development settings. Advanced Drug Delivery Reviews 64, 4–17 (2012). 

88. Baell, J., Congreve, M., Leeson, P. & Abad-Zapatero, C. Ask the experts: past, present and 
future of the rule of five. Future Med. Chem. 5, 745–752 (2013). 



189 

 

89. Veber, D. F. et al. Molecular properties that influence the oral bioavailability of drug 
candidates. J. Med. Chem. 45, 2615–2623 (2002). 

90. Lu, J. J. et al. Influence of molecular flexibility and polar surface area metrics on oral 
bioavailability in the rat. J. Med. Chem. 47, 6104–6107 (2004). 

91. Choy, Y. Bin & Prausnitz, M. R. The rule of five for non-oral routes of drug delivery: 
Ophthalmic, inhalation and transdermal. Pharmaceutical Research 28, 943–948 (2011). 

92. Bickerton, G. R., Paolini, G. V., Besnard, J., Muresan, S. & Hopkins, A. L. Quantifying the 
chemical beauty of drugs. Nat. Chem. 4, 90–98 (2012). 

93. Ivanov, A. A., Khuri, F. R. & Fu, H. Targeting protein-protein interactions as an anticancer 
strategy. Trends in Pharmacological Sciences 34, 393–400 (2013). 

94. Nero, T. L., Morton, C. J., Holien, J. K., Wielens, J. & Parker, M. W. Oncogenic protein 
interfaces: Small molecules, big challenges. Nature Reviews Cancer 14, 248–262 (2014). 

95. Thanos, C. D., DeLano, W. L. & Wells, J. A. Hot-spot mimicry of a cytokine receptor by a 
small molecule. Proc. Natl. Acad. Sci. U. S. A. 103, 15422–15427 (2006). 

96. Smith, M. C. & Gestwicki, J. E. Features of protein–protein interactions that translate into 
potent inhibitors: topology, surface area and affinity. Expert Rev. Mol. Med. 14, (2012). 

97. London, N., Raveh, B. & Schueler-Furman, O. Druggable protein-protein interactions - from 
hot spots to hot segments. Current Opinion in Chemical Biology 17, 952–959 (2013). 

98. Fry, D. C. & So, S.-S. Modulators of Protein-Protein Interactions: Importance of Three-
Dimensionality. in Protein-Protein Interactions in Drug Discovery 55–62 (Wiley-VCH Verlag 
GmbH & Co. KGaA, 2013). doi:10.1002/9783527648207.ch3 

99. Makley, L. N. & Gestwicki, J. E. Expanding the Number of ‘Druggable’ Targets: Non-
Enzymes and Protein-Protein Interactions. Chem. Biol. Drug Des. 81, 22–32 (2013). 

100. Buchwald, P. Small-molecule protein-protein interaction inhibitors: Therapeutic potential 
in light of molecular size, chemical space, and ligand binding efficiency considerations. 
IUBMB Life 62, 724–731 (2010). 

101. Sperandio, O., Reynès, C. H., Camproux, A. C. & Villoutreix, B. O. Rationalizing the chemical 
space of protein-protein interaction inhibitors. Drug Discovery Today 15, 220–229 (2010). 

102. Leader, B., Baca, Q. J. & Golan, D. E. Protein therapeutics: A summary and pharmacological 
classification. Nature Reviews Drug Discovery 7, 21–39 (2008). 

103. WATCHING PEPTIDE DRUGS GROW UP. Chem. Eng. News 83, 17–24 (2005). 

104. Craik, D. J., Fairlie, D. P., Liras, S. & Price, D. The Future of Peptide-based Drugs. Chem. Biol. 
Drug Des. 81, 136–147 (2013). 

105. Ahrens, V. M., Bellmann-Sickert, K. & Beck-Sickinger, A. G. Peptides and peptide 
conjugates: Therapeutics on the upward path. Future Medicinal Chemistry 4, 1567–1586 
(2012). 

106. Giordanetto, F. & Kihlberg, J. Macrocyclic drugs and clinical candidates: What can 
medicinal chemists learn from their properties? J. Med. Chem. 57, 278–295 (2014). 

107. London, N., Raveh, B., Movshovitz-Attias, D. & Schueler-Furman, O. Can self-inhibitory 
peptides be derived from the interfaces of globular protein-protein interactions? Proteins 
Struct. Funct. Bioinforma. 78, 3140–3149 (2010). 



190 

 

108. Timmerman, P., Beld, J., Puijk, W. C. & Meloen, R. H. Rapid and quantitative cyclization of 
multiple peptide loops onto synthetic scaffolds for structural mimicry of protein surfaces. 
ChemBioChem 6, 821–824 (2005). 

109. Rossi Sebastiano, M. et al. Impact of Dynamically Exposed Polarity on Permeability and 
Solubility of Chameleonic Drugs Beyond the Rule of 5. J. Med. Chem. 61, 4189–4202 
(2018). 

110. Hilfiker, R. & Raumer, M. von. Polymorphism in the pharmaceutical industry : solid form 
and drug development. 

111. Chan, H. C. S., Kendrick, J. & Leusen, F. J. J. Predictability of the polymorphs of small 
organic compounds: Crystal structure predictions of four benchmark blind test molecules. 
Phys. Chem. Chem. Phys. 13, 20361–20370 (2011). 

112. Mugumbate, G. & Overington, J. P. The relationship between target-class and the 
physicochemical properties of antibacterial drugs. Bioorganic Med. Chem. 23, 5218–5224 
(2015). 

113. Sacchetti, F. et al. Enhanced anti-hyperproliferative activity of human thymidylate 
synthase inhibitor peptide by solid lipid nanoparticle delivery. Colloids Surfaces B 
Biointerfaces 136, 346–354 (2015). 

114. Saxena, P. et al. Conformational Propensity and Biological Studies of Proline Mutated LR 
Peptides Inhibiting Human Thymidylate Synthase and Ovarian Cancer Cell Growth. J. Med. 
Chem. 61, 7374–7380 (2018). 

115. Pacifico, S. et al. Cyclic Peptides Acting as Allosteric Inhibitors of Human Thymidylate 
Synthase and Cancer Cell Growth. Molecules 24, 3493 (2019). 

116. Gao, Y., Wang, R. & Lai, L. Structure-based method for analyzing protein-protein interfaces. 
J. Mol. Model. 10, 44–54 (2004). 

117. Kortemme, T. & Baker, D. A simple physical model for binding energy hot spots in protein-
protein complexes. Proc. Natl. Acad. Sci. U. S. A. 99, 14116–14121 (2002). 

118. Pons, J., Rajpal, A. & Kirsch, J. F. Energetic analysis of an antigen/antibody interface: 
Alanine scanning mutagenesis and double mutant cycles on the hyhel-10/lysozyme 
interaction. Protein Sci. 8, 958–968 (1999). 

119. Erlanson, D. A., Wells, J. A. & Braisted, A. C. Tethering: Fragment-based drug discovery. 
Annual Review of Biophysics and Biomolecular Structure 33, 199–223 (2004). 

120. Erlanson, D. A. et al. Site-directed ligand discovery. Proc. Natl. Acad. Sci. U. S. A. 97, 9367–
9372 (2000). 

121. Hama, Y. et al. A Comparison of the Emission Efficiency of Four Common Green 
Fluorescence Dyes after Internalization into Cancer Cells. Bioconjug. Chem. 17, 1426–1431 
(2006). 

122. Sridhar, M., Vadivel, S. K. & Bhalerao, U. T. Reduction of symmetric disulfides to thiols 
using Mg in methanol. Synth. Commun. 27, 1347–1350 (1997). 

123. Sharghi, H., Sepehri, S. & Aberi, M. Cu(II) complex of pyridine-based polydentate as a 
novel, efficient, and highly reusable catalyst in C–N bond-forming reaction. Mol. Divers. 21, 
855–864 (2017). 

124. Genovese, F. et al. Dimer-monomer equilibrium of human thymidylate synthase monitored 



191 

 

by fluorescence resonance energy transfer. Protein Sci. 19, 1023–1030 (2010). 

125. Miros, F. N. et al. Enolate Stabilization by Anion-π Interactions: Deuterium Exchange in 
Malonate Dilactones on π-Acidic Surfaces. Chem. - A Eur. J. 22, 2648–2657 (2016). 

126. Wermuth, C. G., Ganellin, C. R., Lindberg, P. & Mitscher, L. A. Glossary of terms used in 
medicinal chemistry (IUPAC Recommendations 1998). Pure Appl. Chem. 70, 1129–1143 
(1998). 

127. Dixon, S. L. et al. PHASE: A new engine for pharmacophore perception, 3D QSAR model 
development, and 3D database screening: 1. Methodology and preliminary results. J. 
Comput. Aided. Mol. Des. 20, 647–671 (2006). 

128. Wurdinger, T. et al. A secreted luciferase for ex vivo monitoring of in vivo processes. Nat. 
Methods 5, 171–173 (2008). 

129. Giovannetti, E. et al. Role of CYB5A in pancreatic cancer prognosis and autophagy 
modulation. J. Natl. Cancer Inst. 106, (2014). 

130. Van der Wilt, C. L., Pinedo, H. M., Smid, K. & Peters, G. J. Elevation of thymidylate synthase 
following 5-fluorouracil treatment is prevented by the addition of leucovorin in murine 
colon tumors. Cancer Res. 52, 4922–8 (1992). 

131. Serajuddin, A. T. M. Salt formation to improve drug solubility. Advanced Drug Delivery 
Reviews 59, 603–616 (2007). 

132. Harder, E. et al. OPLS3: A Force Field Providing Broad Coverage of Drug-like Small 
Molecules and Proteins. J. Chem. Theory Comput. 12, 281–296 (2016). 

133. Goodman, J. M. & Still, W. C. An unbounded systematic search of conformational space. J. 
Comput. Chem. 12, 1110–1117 (1991). 

134. Grimme, S., Ehrlich, S. & Goerigk, L. Effect of the damping function in dispersion corrected 
density functional theory. J. Comput. Chem. 32, 1456–1465 (2011). 

135. Weigend, F. & Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and 
quadruple zeta valence quality for H to Rn: Design and assessment of accuracy. Phys. 
Chem. Chem. Phys. 7, 3297–3305 (2005). 

136. Weigend, F. Accurate Coulomb-fitting basis sets for H to Rn. Phys. Chem. Chem. Phys. 8, 
1057–1065 (2006). 

137. Dunlap, B. I. Fitting the Coulomb potential variationally in Xα molecular calculations. J. 
Chem. Phys. 78, 3140–3142 (1983). 

138. Perdew, J. P., Burke, K. & Ernzerhof, M. Erratum: Generalized gradient approximation 
made simple (Physical Review Letters (1996) 77 (3865)). Physical Review Letters 78, 1396 
(1997). 

139. Adamo, C. & Barone, V. Toward reliable density functional methods without adjustable 
parameters: The PBE0 model. J. Chem. Phys. 110, 6158–6170 (1999). 

140. Stephens, P. J. & Harada, N. ECD cotton effect approximated by the Gaussian curve and 
other methods. Chirality NA-NA (2009). doi:10.1002/chir.20733 

141. Bracht, K., Nicholls, A. M., Liu, Y. & Bodmer, W. F. 5-Fluorouracil response in a large panel 
of colorectal cancer cell lines is associated with mismatch repair deficiency. Br. J. Cancer 
103, 340–346 (2010). 



192 

 

142. Caserini, C. et al. Apoptosis as a determinant of tumor sensitivity to topotecan in human 
ovarian tumors: Preclinical in vitro/in vivo studies. Clin. Cancer Res. 3, 955–961 (1997). 

 

 

  



193 

 

DISCLAIMER 

The content of the present thesis work is strictly confidential. It is subjected to official embargo for 

the next three years from the date of submission to the UNIMORE PhD thesis portal, (05/01/2020). 

No section of this document can be disseminated or disclosed for any reason. Use of concepts, 

pictures, or any other part of the document is forbidden.  


