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ABSTRACT

Cancer remains a leading cause of death worldwide, with a huge socio-
economic impact. Although important improvements in cancer diagnostics and
therapeutics have been achieved, their outcomes remain unsatisfactory because
of several factors, such as drug resistance, tumour diversity and dose-limiting
toxicity, which can be responsible for relapse and/or death.

Targeting DNA repair has emerged as a promising approach to fighting
cancer, mostly because the DNA repair inhibition can prevent the survival of
cancer cells after DNA damage.

Poly(ADP-ribose)polymerase-1 (PARP-1) is a key effector of DNA repair
that plays an important role in the repair of both single-strand and double-strand
breaks via different DNA-repair pathways. The PARP-1 inhibitors that have been
discovered to date are associated with a lack of target selectivity and the
emergence of resistance. Thus, there is a constant demand for new, selective and
safer PARP-1 inhibitors that act as anti-cancer agents.

In the present work, the discovery of new and selective PARP-1 inhibitors
was pursued. A dynamic receptor-based pharmacophore strategy was first
applied, based on the molecular interaction fields calculated on the PARP-1
catalytic domain, which was previously subjected to molecular dynamics (MD)
simulations. After a pharmacophore-based virtual screening (VS) against several
compound databases, in which the hits that better matched the pharmacophore
hypotheses were selected for molecular docking, the top-scoring compounds from
the docking calculations were submitted to in vitro evaluation, to determine their
ability to inhibit PARP-1. As the first approach failed to identify interesting PARP-1
inhibitor candidates, a new strategy was applied.

Taking as starting point the analysis of the interactions established between
different inhibitors and the PARP-1 catalytic domain after MD, various dynamic
structure-based pharmacophore models were generated and screened against
two virtual compound libraries. The drug-like hits retrieved were subjected to
molecular docking into the PARP-1 catalytic domain and the top-ranking

molecules obtained were submitted to in vitro evaluation against PARP-1. Three



novel PARP-1 inhibitor scaffolds with interesting activity, i.e., NSC131753,
NSC86342 and NSC121848, were identified.

Importantly, two cholic acid (CA) derivatives that were designed and
evaluated as PARP-1 inhibitors, but without relevant PARP-1 inhibitory activity,
were used as the starting point in the design of a bile acid derivative library, which
was further subjected to docking calculations. Two chenodeoxycholic derivatives,
5.10 and 5.13, obtained from that library exhibited a promising binding affinity for
the ligand-binding domain of farnesoid X receptor (FXR).

Taken together, these results provided the identification of novel and
promising PARP-1 inhibitor scaffolds through an integrated medicinal chemistry
strategy that combined a structure-based drug approach, which was based on the
dynamics features of active site—ligand interactions, to generate pharmacophore
models. This was followed by in vitro studies to evaluate the PARP-1 inhibitory
activity of the compounds. Furthermore, new potential FXR agonists were
identified using a VS strategy by redirecting the target of two CA derivatives that
were initially designed and evaluated as PARP-1 inhibitors.

New directions for the investigation of unexplored scaffolds as PARP-1
inhibitors and for the development of novel steroidal FXR agonists were opened

through the work developed in this thesis.

Keywords: anti-cancer agents; bile acid derivatives; DNA-repair pathways;

FXR; PARP-1; novel scaffolds; structure-based drug design



RESUMO

O cancro é uma das principais causas de morte em todo o mundo, tendo
um grande impacto socio-econémico. Apesar de todos os avangos no diagndstico
€ na terapéutica, os resultados continuam a revelar-se insuficientes, devido, em
grande parte, ao desenvolvimento de resisténcia aos farmacos utilizados, a
diversidade tumoral e a toxicidade dos agentes anti-cancerigenos. Todos estes
fatores podem contribuir, em ultima instancia, para o aparecimento de recidivas
e/ou provocar a morte.

Os mecanismos de reparacdo do DNA tém vindo a emergir como uma
estratégia promissora para combater o cancro, uma vez que a inibicdo da
reparacdo do DNA pode comprometer a sobrevivéncia das células tumorais e,
consequentemente, travar a sua proliferacédo. Deste modo, a enzima poly(ADP-
ribose)polymerase-1 (PARP-1) representa um potencial alvo terapéutico, dado o
seu papel chave na reparacao do DNA. Os inibidores da PARP-1 desenvolvidos
até agora nao apresentaram a seletividade desejada e encontram-se associados
a fendmenos de resisténcia. Assim sendo, a procura de inibidores mais seletivos
e mais seguros da PARP-1 que atuem como anti-cancerigenos tem adquirido
especial relevo, sendo este o objectivo deste trabalho.

Inicialmente, foi utilizada uma estratégia baseada na criagdo de modelos
dinamicos de farmacdéforos baseados na estrutura do recetor, nomeadamente nos
campos de interagdo molecular no dominio catalitico da PARP-1, que havia sido
previamente sujeito a simulagdes de dindmica molecular. Apds o screening virtual
de varias bases de dados, utilizando os modelos farmacoféricos criados, os hits
que apresentaram uma melhor correspondéncia com os estes modelos foram
selecionados para docking molecular. Os compostos com melhores resultados
nos calculos de docking foram sujeitos a estudos in vitro, de modo a avaliar a
capacidade destes em inibir a PARP-1. Contudo, devido a incapacidade de
identificar candidatos promissores seguindo a metodologia supracitada, uma nova
estratégia foi aplicada com vista a obtengdo de moléculas mais eficazes na
inibicao da PARP-1.

Tendo como ponto de partida a analise das interacdes estabelecidas entre

diferentes inibidores e o dominio catalitico da PARP-1 apds dindmica molecular,



diferentes modelos farmacoféricos foram gerados e utilizados no screening de
duas bibliotecas de compostos virtuais. Os drug-like hits obtidos foram dockados
no dominio catalitico da PARP-1 e as moléculas mais promissoras foram testadas
in vitro para avaliar a sua capacidade em inibir a PARP-1. Como resultado da
nova estratégia empregue trés novos scaffolds de inibidores da PARP-1 com uma
importante atividade foram identificados: NSC131753, NSC86342, e NSC121848.

Importa salientar que dois derivados do acido cdlico, desenhados e
avaliados como inibidores da PARP-1 mas que ndo demonstraram uma relevante
inibicdo da mesma, foram usados como ponto de partida para o desenho de uma
biblioteca de derivados de acidos biliares, que foram posteriormente sujeitos a
célculos de docking para avaliar a sua interagdo com o farnesoid X receptor
(FXR). Dois derivados do acido quenodesoxicdlico, 5.10 e 5.13 demonstraram
uma promissora afinidade com o dominio de ligagdo do FXR.

Resumindo, estes resultados permitiram a identificacdo de novos e
promissores scaffolds de inibidores da PARP-1 através de uma estratégia de
quimica medicinal integrada, que combinou uma abordagem baseada na estrutura
do recetor, que teve em conta as caracteristicas dindmicas das interacbes de
diferentes ligandos com o local ativo da PARP-1 para gerar modelos
farmacofdricos, com estudos in vitro, para testar a inibicao da atividade da PARP-
1. Além disso, novos potenciais agonistas do FXR foram identificados, através de
screening virtual, partindo de dois derivados do acido célico que haviam sido
inicialmente desenhados e avaliados como inibidores da PARP-1 e que foram
posteriormente usados como base para o desenho de uma biblioteca virtual de
derivados dos acidos biliares usados no screening.

Em termos gerais, esta tese contribuiu para a identificacdo de novos
scaffolds para o desenvolvimento de inibidores da PARP-1 e para o

desenvolvimento de novas moléculas esterdides como agonistas do recetor FXR.

Palavras-chave: anti-cancerigenos; derivados dos acidos biliares; design de
farmacos baseado na estrutura; FXR; novos scaffolds; PARP-1; Vias de

reparacao do DNA
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THESIS ORGANIZATION

This thesis is structured as follows:

Chapter 1 presents a general introduction to DNA damage and cancer,
including cancer statistics and DNA target therapeutics. Additionally, different
DNA-repair mechanisms are discussed briefly, as are the inhibitors of each DNA-
repair pathway that have been disclosed to date. Furthermore, a brief description
of the structure and functions of the poly(ADP-ribose)polymerase (PARP) family is
provided, especially regarding PARP-1 and its key role in DNA-repair pathways.
Moreover, the structural types of PARP-1 inhibitors and their mechanisms of
action are discussed, as well as their associated resistance phenomena. In the
last part of this chapter, computer-aided drug design (CADD) is highlighted,
namely the different approaches applied and the methods that are most widely

used in drug discovery pipeline.

Chapter 2 describes the purposes of the work presented in this thesis.

Chapters 3 and 4 aim the discovery of novel PARP-1 inhibitors. Two
different structure-based pharmacophore approaches, followed by virtual
screening (VS) against different compound databases and subsequent docking
studies into PARP-1 catalytic domain are described. In these two chapters, the
results on the top-scoring docked compounds, further studied in in vitro studies to

evaluate their ability to inhibit PARP-1 activity, are presented and discussed.

Chapter 5 focuses on the design of a series of bile acid (BA) derivatives
and on their molecular docking into the farnesoid X receptor-ligand binding domain
(FXR-LDB), in which two cholic acid (CA) derivatives previously tested as PARP-1

inhibitors are used as the starting point to the library design.
Chapters 3-5 are similarly organized and include an overview, a materials

and methods section and the main results and discussion. Each chapter ends with

conclusions and future perspectives.

XXl



Chapter 6 states the main outcomes drawn from this work and proposals

for future work.

Chapter 7 includes the supporting references used in this thesis.
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Introduction

1.1. DNA DAMAGE AND CANCER

1.1.1. Cancer: general considerations, statistics and success of
therapeutics

Cancer is a complex and multifactorial disease that results from
uncontrolled cell division, which can ultimately lead to tumour generation and
spreading to different parts of the body via the blood or the lymph system, causing
death [1, 2]. Despite the many efforts toward the development of novel therapies
targeting cancer, it remains a major cause of morbidity and mortality worldwide [3].
In fact, cancer is the first cause of death among specific age groups (women aged
40-79 years and men aged 45-79 years), and it is estimated that the cancer rate
will increase by about 70% within the next 20 years [4, 5]. The main risk factors
associated with cancer development include exposure to chemicals or radiation,
obesity, tobacco, alcohol and inherited genetic mutations (e.g., breast cancer type
1/2 (BRCA1/2 mutations)), which are deeply involved in about 5-10% of all
cancers [4]. Despite the different approaches used to treat cancer, such as
surgery, chemotherapy, radiotherapy and immunotherapy, the success of cancer
treatments remains limited, mostly because of multidrug resistance, tumour
diversity and dose-limiting toxicity, which often involve relapse [6]. Furthermore,
the costs associated with cancer therapeutics are extremely high. In 2010, the
total annual economic impact of cancer was evaluated at US$ 1.16 trillion by the
World Cancer Report 2014 [7]. Therefore, novel and safer treatments for cancer
are needed to overcome this lethal disease, which has a huge economic impact

worldwide.
1.1.2. DNA target therapeutics

Compared with non-tumour cells, cancer cells often display a diminished

ability regarding DNA-repair and DNA-damage signalling. They also exhibit
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upregulation of some mutagenic repair pathways, which contributes to cancer
development. Therefore, it is not surprising that DNA damage response (DDR)
inhibition can especially compromise cancer cells versus non-tumour ones, as the
former are usually more dependent on particular repair pathways. In fact, impaired
DNA-repair activity and defective cell-cycle checkpoint activation lead to
replication stress and a consequent increase in DNA damage in cancer cells.
Moreover, the overcoming of the dysfunctional redox homeostasis that is usually
associated with cancer cells is also dependent on DDR repair mechanisms. Thus,
the development of compounds that potentiate processes that are dependent on
the DDR, like replication and oxidative stress, as well as its inhibition itself, have

been actively pursued as a promising weapon in cancer treatment [8].
1.1.3. DNA-damaging agents and DNA-repair mechanisms

Each cell can accumulate tens of thousands of DNA lesions per day, which
are induced by either exogenous or endogenous agents [9]. Endogenous sources
of lesions comprise spontaneous chemical reactions, such as hydrolysis, or
genotoxic agents generated by cellular metabolism, like reactive oxygen, nitrogen
and carbonyl species, alkylating agents or even lipid peroxidation products. On the
other hand, exogenous sources, such as ultraviolet (UV), X-ray and ionizing
radiation (IR) and chemical agents, like some drugs used in cancer treatment, are
also able to damage DNA [9, 10].

DNA damage can be classified in different types: base modifications,
intrastrand and interstrand cross-links (ICLs), DNA—protein cross-links (DPCs),
single-strand breaks (SSBs) and double-strand breaks (DSBs) [11, 12]. Depending
on the type and location of the DNA damage in the genome, the cell type that
suffer the injury and the stage of the cell-cycle, different lesions can appear with
different degrees of mutagenicity and cytotoxicity [13]. The evolution of DNA
damage into mutations due to unrepaired or incorrectly repaired lesions leads to
permanent changes in the original nucleotide sequence of the DNA and may
cause different genetic diseases, including cancer or even cell death. Thus, to

preserve genome integrity by keeping changes in DNA to a minimum, cells evoke
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the DDR, which involves DNA damage recognition and signalling, transcriptional
regulation and DNA-repair, as well as cell-cycle and apoptosis regulation [10, 14].
Different DNA-repair pathways are engaged according to the specific types
of DNA damage and can act independently or coordinated with each other (Figure
1.1) [15]. The major DNA-repair pathways, as well as the inhibitors associated with

them, are discussed below.

Base Intrastrand Base
modification cross-link mismatch ICL Stalled
replication fork

Direct BER NER MMR HR NHEJ FA TLS
repair DNA
repair
I .
MGMT PARP-1 TFIIH MutS RPA Ku70/80 MHF1 Rev1
APE1 RPA MutL MRN DNA-PK MHF2 Pol n
XRCCA1 ERCC1 PCNA BRCA1 Artemis FANCA Pol ¢
Pol B PCNA RFC BRCA2 XRCC4 BRCA1 Pol k
Lig 1l Pol & RAD51 Lig IV BRCA2 PCNA

Figure 1.1 Simplified schematic representation of the main types of DNA damage and the
major DNA-repair pathways involved in their repair. The main proteins engaged in DNA
damage repair are also presented.

1.1.3.1. Direct repair pathway

Direct repair pathway refers to a process that promotes the direct repair of
modified bases without disruption or removal of the phosphodiester backbone. The
O°-methylguanine DNA methyltransferase (MGMT) is the main component of this
repair pathway. It removes the alkyl group from the O°-guanine position and
transfers it to a cysteine residue in its active site, after which it becomes
inactivated and it is subjected to ubiquitin-mediated degradation. This reaction is
irreversible and stoichiometric, i.e., one molecule of MGMT can transfer and

accept only one alkyl group (Figure 1.2). Even though O°-methylguanine (O°-
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meG) accounts for less than <8% of total alkylation, it is the main factor
responsible for the mutagenic, carcinogenic and apoptotic effects induced by
methylating agents, such as temozolomide (TMZ), at the oxygen atom of the DNA
bases. Nevertheless, MGMT overexpression has been related to chemo-
resistance phenomena [16]. On the other hand, in the absence of MGMT,
unrepaired base damages can lead to base pair mismatches during replication,
namely O°-meG/T, which can activate the DNA mismatch repair (MMR), induce
DSBs and ultimately trigger other repair pathways or even apoptotic cell death
[17]. Moreover, the methylation of the MGMT promoter with consequent MGMT
inactivation has been described in different types of tumours, such as colorectal
[18], gastric [19] and head and neck cancers [20], as well as in gliomas [21]. In the
latter case, the absence of MGMT activity leads to an increased responsiveness to
TMZ. Therefore, efforts have been made to develop MGMT inhibitors. O°-
Benzylguanine (O°-BG) is the most widely studied MGMT inhibitor identified and

several studies are currently under way to identify novel MGMT inhibitors [17, 22].

Methylating agent

n

DNA damage repair/
Cell survival

Ubiquitinaton l
N

Degradation

Figure 1.2 The main mechanism involved in the direct repair, MGMT repair (adapted from

[17]).
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1.1.3.2. Base excision repair

Base excision repair (BER) refers to the repair of small non-helix-distorting
base lesions that can be induced by different processes, such as IR, deamination,
alkylation and oxidative damage and plays a key role in SSB repair [11, 23]. The
BER pathway is activated by one of the 11 damage-specific DNA glycosylases
(DGs) that recognize damaged or inappropriate DNA bases and catalyse the
cleavage of the N-glycosidic bond, thus removing the base and generating
apurinic/apyrimidinic (AP) sites [24].

DGs can be classified as monofunctional or bifunctional. In the case of
monofunctional DGs, such as uracil-DNA glycosylases, the resulting baseless site
is processed by an AP endonuclease (apurinic/apyrimidinic endonuclease 1
(APE1) in humans) that cleaves the phosphodiester bond, creating a single-
stranded DNA (ssDNA) in which the gap is flanked by 3’-hydroxyl and 5'-
deoxyribose-5-phosphate (5’dRP) ends. On the other hand, bifunctional DGs have
an additional lyase activity that is responsible for processing the AP site via B or
B,0-elimination. In this case, a gap flanked by a 5-phosphate and a 3'-q,B-
unsaturated aldehyde (B-elimination) or a 5’-phosphate and a 3’-phosphate (§3,0-
elimination) is generated. In order to render the DNA termini accessible to
polymerases, the 3’-a,B-unsaturated aldehyde and the 3'-phosphate termini are
further processed by APE1 and polynucleotide kinase phosphatase (PNKP),
respectively, to afford a 3’-hydroxyl end, which corresponds to the same product
that is obtained by the combined action of monofunctional DGs and APE1 [25].

The gap filling and ligation processes proceed via a short-patch or long-
patch, depending on the type of DNA damage, the DNA glycosylase involved, the
cell-cycle phase and the differentiation status [26]. The short-patch pathway
involves a polymerase, Pol B, to incorporate a new nucleotide in the single
nucleotide gap and to remove the 5'dRP, which allows the sealing of the DNA
ends by the DNA ligase llla (Lig llla)/X-ray cross-complementing protein 1
(XRCC1) complex, thus finalizing the DNA-repair process. Conversely, in the long-
patch repair, two or more nucleotides are added. Even though the first nucleotide

is also incorporated by Pol B, the elongation step is likely performed by Pol o/,
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creating a 5’-DNA flap structure that is refractory to ligation. This is further excised
by the flap endonuclease 1 (FEN1) in a proliferating cell nuclear antigen (PCNA)-
dependent manner, thus allowing nick sealing by DNA ligase | (Lig 1), which
completes the repair [23, 24]. A simplified schematic representation of the BER

pathway is presented in Figure 1.3

5 3
lDNA damage

5,m3,
3 5

DG bifunctional DG bifunctional DG
(B-elimination) (B/5-elimination) monofunctional

PoI B
PoI ole

repair 3 5’
Long-patch

repair

Figure 1.3 Simplified schematic representation of DNA damage repair via the BER pathway.
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It is noteworthy that XRCC1 plays a key role in BER, despite its lack of
catalytic activity. This scaffold protein interacts with several proteins that are
directly involved in BER, such as Lig Ill and Pol B, holding together the repairing
complex and thus allowing them to perform their enzymatic activities. It also
interacts with poly(ADP-ribose)polymerase-1 (PARP-1), an enzyme that is
responsible for detecting direct and indirect SSBs and for catalysing the formation
and addition of poly(ADP-ribose) (PAR) to several acceptor targets, therefore
promoting the recruitment of proteins involved in the DNA-repair. Moreover,
PARP-1 facilitates the assembly and activation of the BER machinery [27-30].

The BER pathway plays an important role in the repair of DNA damage
caused by some anti-cancer drugs, such as taxanes and, alkylating and platinating
agents. Consequently, the inhibition of this pathway appears to be a strategy to
overcome the resistance to those antitumour drugs. Among the several proteins
that are involved in the BER pathway, four (PARP-1, APE1, Pol B and FEN1) have
been reported as promising targets because of their specific and/or relevant
activity on BER pathway [16]. PARP-1 is the most extensively studied, with three
inhibitors recently approved and several clinical trials of different promising
inhibitors under way, either in monotherapy or in combination with other anti-
cancer agents, like alkylating agents (e.g., TMZ and cyclophosphamide) and
topoisomerase inhibitors (e.g., topotecan) [31]. A more detailed description of
PARP-1 inhibitors will be presented in section 1.2.

The development of APE1 inhibitors has also been pursued actively, and
some molecules have entered clinical trials, namely Lucanthone and TRC102
(methoxyamine hydrochloride) [32]. Despite showing interesting results, TRC102
seems to be a non-specific APE1 inhibitor; rather, it appears to be a BER inhibitor.
Nevertheless, other molecules showed promising specific APE1 inhibition, like
E3330 (or APX3330), which yielded interesting results in several types of tumours
[33].

Moreover, the inhibition of Pol B has been extensively studied, even though
no particular Pol B inhibitor has entered clinical trials, usually due to a lack of
specificity. Cytarabine, an antimetabolic agent that is used extensively in

chemotherapy, also acts as a Pol B inhibitor. It is worth noting that edgeworin,
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betulinic acid, kohamaic acid A and oleanolic acid are natural compounds that
have shown an interesting, but not very potent, Pol  inhibitory activity [32, 34].

On the other hand, FEN1 has also been identified as a promising BER target.
Moreover, overexpression of this protein has been associated with different types
of cancer, such as pancreatic, prostate, breast and brain cancers [35]. Despite the
many efforts toward the discovery of selective and potent FEN1 inhibitors, none

has been disclosed to date [16].

1.1.3.3. Nucleotide excision repair

Nucleotide excision repair (NER) promotes the repair of a broad spectrum of
DNA damages with very different structures, namely bulky and helix-distorting
base lesions (e.g., intrastrand and DNA-protein cross-links) caused by several
carcinogenic and mutagenic chemicals, as well as UV irradiation. The efficiency of
this pathway depends on different factors, such as the type of tissue damaged and
the degree of distortion arising from the lesion (adduct or unusual structure). The
NER mechanism comprises 4 essential steps: DNA damage recognition,
incision/excision of the oligonucleotide damaged, re-synthesis using the
undamaged complementary strand as a template and ligation [36]. The recognition
of the lesions is triggered either by the global genome repair mechanism, global
genomic NER (GG-NER) or by the transcription-coupled NER (TC-NER). While in
the GG-NER sensor proteins, namely the xeroderma pigmentosum group C-
complementing protein (XPC), complex with hRAD23B and centrin 2 (CETN2),
scan the genomic DNA and recognize distortions and chemical modifications, in
TC-NER, the RNA polymerase (RNAP) stalls at DNA damage site, acting as a
damage sensor in a transcription-dependent manner. Despite the differences in
the initial DNA lesion detection, both NER sub-pathways converge when
transcription factor IIH (TFIIH) is recruited at the site of the DNA lesion to verify the
presence of damage. Among the ten proteins that constitute this complex are
xeroderma pigmentosum group B-complementing protein (XPB) and xeroderma
pigmentosum  group  D-complementing protein  (XPD), which are
ATPases/helicases, and are responsible for unwinding the DNA double helix and
exposing a 20-30 nucleotide bubble [36, 37]. Once the DNA is unwound,
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xeroderma pigmentosum group A-complementing protein (XPA), replication
protein A (RPA) and xeroderma pigmentosum group G-complementing protein
(XPG) are recruited. While XPA binds to DNA near the 5’ side of the DNA bubble,
RPA binds to the opposite undamaged DNA strand, protecting it from degradation
and coordinating excision and repair events. Both XPA and RPA stabilize the
damaged DNA and are responsible for the recruitment of other proteins to the
bubble site. After association with TFIIH, xeroderma pigmentosum group F-
complementing protein/ERCC excision repair 1 (XPF/ERCC1) complex and XPG
trigger the dual incision at the 5 and 3' sides of the bubble, respectively.
Subsequently, the damaged oligonucleotide is released, as are the TFIIH and
XPA, allowing gap filling and DNA sealing [38] (Figure 1.4). For this event,
different polymerases and DNA ligases are recruited, depending on the replicative
state of the cells. Pol € and Lig | promote DNA synthesis and ligation, respectively,
in replicating cells, while Pol o and k and Lig Illa/XRCC1 play corresponding roles
in quiescent cells [39-41]. The polymerase activity is coordinated by PCNA, which
is loaded onto DNA by the replication factor C (RFC) and RFA [42]. In total, more
than 30 proteins are involved in the NER pathway [43].

The NER activity appears to contribute to the chemo-resistance to platinating
agents, because of the ability of this pathway to repair the DNA damage caused
by those drugs [16]. Thus, the inhibition of NER has been pursued using F11782
[44], UCN-01 [45] and Et743 [46], the first inhibitors reported, even though they
are not very potent or specific. Furthermore, UCN-01 was lately classified as a
checkpoint inhibitor [43]. Presently, the search for NER inhibitors is mostly focused
on ERCC1, namely on the ERCC1-XPA and ERCC1-XPF interactions. NER101
and NER102 are the representative inhibitors of each complex, respectively [43].
The attempt to block the ERCC1-XPA or ERCC1-XPF interactions arises from the
crucial and singular role of ERCC1 in the NER pathway, because its

overexpression has been related with resistance to platinating agents [11, 16].
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Figure 1.4 Simplified schematic representation of the NER pathway. The TC-NER and GG-
NER sub-pathways are represented. Despite the differences in DNA damage detection, both
mechanisms utilize the same machinery to excise and repair the damage (adapted from [36]).
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1.1.3.4. DNA mismatch repair

MMR plays a leading role in the repair of post-replicative mismatches,
namely base—base mismatches and insertion—deletion loops generated during
DNA replication [47]. The correction of mismatch errors occurs during DNA
recombination. The mediation of the response to some DNA-damaging drugs,
such as methylating and oxidizing agents, is also triggered by MMR [47, 48]. A
mutator S (MutS) dimer recognizes and binds to the site of a mismatch and
recruits MutL, which mediates downstream events in the MMR pathway. Despite
some controversy regarding the signalling downstream MMR events that occur
after mismatch recognition, one of the generally described models of MMR, i.e.,
the cis activation model, emphasizes that the MutS/MutL complex will slide along
the DNA double helix, releasing the site of mismatch and allowing exonuclease 1
(EXO1) to access and excise the daughter DNA strand. The MutS/MutL complex
travels along the DNA until it encounters a gap in the single-strand, coordinated
with PCNA and RFC, which works as a signal for the excision step [47, 49, 50].
Subsequently, a DNA polymerase (Pol o) synthesizes new DNA at the excision
site using the parental DNA strand as a template. Lig | finishes the process by
sealing the DNA (Figure 1.5) [49]. Different MutS heterodimers are recruited
depending on the type of mismatch. The MutSa (MSH2-MSHG6) heterodimer
targets base—-base mismatches and small insertion-deletion loops (1-2
nucleotides). Conversely, MutSB (MSH2-MSH3) only targets insertion—deletion
loops, both small and large (~10 nucleotide loops) [47].

Impaired or deficient MMR can lead to an increment in the mutation rates of
cells of up to 1000-fold and consequently to an increase in cancer incidence rates.
Up to 20% of sporadic cancers have been associated with MMR defects, as have
some hereditary cancers, such as hereditary nonpolyposis colon cancer, which is
related to mutations in four MMR genes (MSH2, MSH6, MLH1 and PMS2) [47]. An
increase in recombination between DNA sequences homologues (but not fully

identical sequences) is also associated with MMR deficiency [51].
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Figure 1.5 Simplified schematic representation of the MMR pathway (adapted from [47]).

Because of the contribution of deficient MMR to mutagenicity and chemo-

resistance, its inhibition/deficiency has only been explored within the scope of
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synthetic lethality as anti-cancer activity. Different studies reported an
enhancement of oxidative stress in cells carrying MMR deficiency, which can
trigger synthetic lethality in the case of other impaired DNA-repair pathways [11,
16].

1.1.3.5. Double-strand break repair

The repair of DSBs, which are the most harmful type of DNA damage, is
particularly difficult compared with other types of DNA damage. A deficient DSB
repair leads to harmful consequences, such as several mutagenic events (e.g.,
chromosome deletion, translocation), which can trigger genomic instability and
carcinogenesis, or even cell death [52].

DSBs can arise from endogenous sources, such as reactive oxygen species
and collapsed replication forks, or exogenous sources, such as IR, UV light and
some chemotherapeutic agents (e.g., cisplatin and topoisomerase inhibitors) [15,
52, 53]. Two major mechanisms are involved in DNA DSB repair: homologous
recombination (HR) and non-homologous end-joining (NHEJ), which can compete
or co-operate with each other to repair DSBs and maintain the genomic stability
[53]. HR is the most accurate pathway and it is responsible for the repair of the
most severe types of DSB damage [16]. Unlike NHEJ, HR involves the presence
of an identical and undamaged DNA sequence, most often derived from the sister
chromatid, or exceptionally from the homologous chromosome. As the sister
chromatid is present only at S and G2 cell-cycle phases, HR is the predominant
DSB repair mechanism at these phases. On the other hand, NHEJ triggers DBS
repair throughout the entire cell-cycle, with particular relevance in the GO and G1
phases. This pathway promotes the re-joining of two broken DNA ends directly
[54, 55].

The two primary mechanisms involved in DSB repair, HR and NHEJ, are

described further below.
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Homologous recombination

HR is responsible for the repair of complex DNA damage events, such as
ICLs and DSBs, and also plays a key role in the suppression of genomic instability
[56]. This complex pathway involves different steps, such as the unwinding and
resection of DNA DSBs to generate single-strand ends, homology search, DNA
strand invasion, re-synthesis and resolution [52, 53]. The first stage of HR, DNA-
end resection, involves CtBP-interacting protein (CtIP) and BRCA1, as well as the
MRN (MRE11-RAD50-NBS1) complex, which binds to DNA ends at each side of
the break and triggers the recruitment of other proteins (e.g., nucleases),
culminating in 5" — 3' DNA resection [57, 58]. The resulting ssDNA is then coated
by RPA, which melts the DNA’s secondary structure, followed by replacement by
RAD51 recombinase, which binds to ssDNA and forms a nucleoprotein filament
along the unwound DNA strand [59, 60]. This step involves BRCA2, which plays a
key role in HR. It binds and recruits RAD51 to the dsDNA-ssDNA junction, thus
fostering the loading and aggregation of the RAD51 filaments onto ssDNA [12, 58].

A search for a homologous dsDNA template will then proceed, which leads
to DNA strand invasion, if the location of a complementary ssDNA region in the
homologous duplex is successful. Subsequently, a heteroduplex DNA is generated
to allow the physical connection between the invading DNA strand and the
homologous duplex DNA template. The last two steps, DNA strand invasion and
heteroduplex DNA formation are both mediated by RAD51 [56].

Once DNA synthesis is primed, HR can be performed via at least three
different sub-pathways: double-strand break repair (DSBR), synthesis-dependent
strand annealing (SDSA) and break-induced replication (BIR) (Figure 1.6). The
DSBR model predicts that the second overhanging 3’ end of DSB is captured and
triggers leading strand DNA synthesis, generating a double Holliday junction (dHj)
intermediate, the resolution of which can lead to crossover or non-crossover
products. In the SDSA model, the heteroduplex DNA is unwound and the invading
strand, extended by DNA synthesis, anneals to a complementary sequence at the
other side of the break, exposed after resection. Similarly to DSBR, the repair
finishes with DNA synthesis and re-sealing. In contrast to DSBR, SDSA only

generates non-crossover products and it is the favoured HR pathway during
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mitosis. The third sub-pathway, BIR, is mainly triggered when only one DNA end is
present, as it happens in the repair of broken or shortened telomeres. In this
pathway, a replication fork is established and DNA synthesis occurs [56].

Tumours carrying a deficient homologous recombination repair (HRR)
showed a higher sensitivity to DNA-damaging agents [56]. For instance, BRCA1/2-
deficient cells were very sensitive to chemotherapy and IR, and exhibited
increased chromosomal instability [61]. Furthermore, the inhibition of an additional
DNA-repair pathway by some anti-cancer therapies may trigger synthetic lethality
in HR-deficient tumours cells [56]. It was reported that tumours harbouring
BRCA1/2 deficiency (and consequent HR impairment) showed a better response
to PARRP inhibitors than did HR-proficient cells [62, 63]. Despite the involvement of
more than 200 proteins in HR [60], few inhibitors target HR proteins directly, with
the exception of RAD51 or RAD54, which seem to be inhibited by B02, A03, A10
and RI-1 (RAD51) or streptonigrin (RADS54), as shown in pre-clinical studies [64-
66]. Nevertheless, some molecules can inhibit HR via an indirect way, by affecting
HR-related proteins, such as heat-shock protein 90 (Hsp90) and some tyrosine
kinases (e.g., Abelson leukemia virus tyrosine kinase (cAbl)). Inhibition of both
Hsp90 and cellular form of the cAbl is associated with the decrease of RAD51
activity, which may compromise HR and ultimately lead to apoptosis [12, 16]. 17-
Alkylamino-17-demethoxygeldanamycin is an example of an Hsp90 inhibitor that is
able to radio-sensitize human tumour cells via the inhibition of RAD51 [67].
Moreover, erlotinib and gefitinib, two tyrosine kinases inhibitors, are also HR
inhibitors [11].
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Figure 1.6 Simplified overview of DNA DSB repair by HR. After resection of DNA DSBs, RAD51
filaments are formed and initiate strand invasion into the homologous template, to form
heteroduplex DNA structures. When DNA synthesis is initiated, three different mechanisms can be
further activated: DSBR, SDSA and BIR. In DSBR, the resolution of dHJs can originate crossover
and non-crossover products, while dHJ dissolution leads to non-crossover products. Conversely, in
SDSA, only non-crossover products are generated. In BIR, the heteroduplex DNA intermediate
evolves into a replication forks, followed by DNA strand synthesis. The dashed lines denote the

newly synthesized DNA (adapted from [56]).
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Non-homologous end-joining

NHEJ can be summarized in three essential steps: detection of DSBs,
processing of DNA ends and re-ligation of compatible processed DSBs ends. The
DBS repair mediated by NHEJ begins with the recognition and binding of the
Ku70/80 heterodimer to both DSB DNA ends, thus creating a scaffold that is able
to aggregate other NHEJ-intervenient proteins, such as the DNA-dependent
protein kinase catalytic subunit (DNA-PKcs). The DNA-PKcs of each DSB end are
then linked together, auto-phosphorylated and assembled with DNA ends and
Ku70/80. At this point, the non-compatible DNA termini are processed by several
enzymes, such as nucleases and polymerases, to allow the re-ligation of the DNA
ends (Figure 1.7). This step generally leads to small DNA sequence deletions,
which promotes erroneous repairs and leads to a lower repair accuracy compared
with HR. To finalize the repair, the X-ray cross-complementing protein 4 (XRCC4)
complex with XRCC4-like factor (XLF) and DNA ligase IV (Lig IV) and the ligation
of both DSBs termini is promoted [68-70].

In addition to this classical or canonical NHEJ (also termed C-NHEJ), an
alternative form of NHEJ (Alt-NHEJ) also involves DSB end-joining. However, this
repair mechanism occurs without the key factors that are required by C-NHEJ,
such as Ku70/Ku80, DNA-PKcs and Lig IV [71]. It is worth mentioning that Alt-
NHEJ is more error prone than C-NHEJ, often leading to sequence alterations and
translocations and, ultimately, to genomic instability and cancer development [71,
72]. Like HR, Alt-NHEJ involves DNA end resection, and it has been suggested
that this DNA-repair pathway works as a back-up mechanism in the repair of DSBs
in case of HR deficiency. The key role that PARP-1 seems to play in Alt-NHEJ
may also contribute to the promising responses showed by PARP-1 inhibitors in
HR-deficient cells [58].

Similar to mismatch repair, a loss or deficiency of NHEJ is associated with an
increment of chemo-resistance and cancer development. Nevertheless, NHEJ
inhibition has been pursued in terms of synthetic lethality in HRR-deficient cells,
which lose the ability of repairing DSBs using HR [16]. The NHEJ compromise can
promote HR, which is lethal in cancer cells carrying a deficiency in the HR

pathway.
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Figure 1.7 Simplified schematic representation of classical NHEJ. DSBs are detected by the
Ku70/80 heterodimer, which is loaded onto DSB ends and recruits DNA-PKcs. DNA-PKCS
facilitates the processing of DNA ends by Artemis and other substrates, like DNA polymerases,
through phosphorylation of those targets and self-phosphorylation. Finally, Lig IV/XRCC4/XLF
complex ligates the broken ends.

Direct NHEJ inhibitors have been developed that target DNA-PK, a key
NHEJ protein, the overexpression of which is correlated with radio-resistance in
lung carcinoma, oesophageal cancer and oral squamous cell carcinoma [73, 74].

Some potent and specific DNA-PK inhibitors have been identified, such as
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NU7026 and NU7441; they were able to enhance the sensitivity to DNA-damaging
agents and IR in pre-clinical studies [75]. However, specific DNA-PK inhibitors
have been associated with a poor pharmacokinetic profile and high levels of
toxicity in non-tumour cells [12, 75]. Thus, the only two DNA-PK inhibitors that are
currently in clinical trials, CC-115 and CC-122, are dual-action inhibitors that also
display mammalian target of rapamycin (mTOR) inhibitory effects and pleiotropic
pathway modulation, respectively [16, 31].

It is worth noting that other proteins are being studied as potential targets of
NHEJ inhibition, namely Lig IV. DNA ligases are engaged in different DNA-repair
pathways, such NHEJ, Alt-NHEJ, BER and NER. Their inhibition was shown to
increase the cytotoxicity of DNA-damaging agents [12]. SCR7 has been identified
as an inhibitor of Lig IV, the DNA ligase that is involved in the NHEJ pathway. This
inhibitor potentiates the cytotoxic effect of anti-cancer drugs that cause DSBs,
ultimately leading to cell death due to unrepaired DSBs accumulation [76]. L67 is
another DNA ligase inhibitor that was reported recently. This molecule acts as a
Lig | and llla inhibitor, thus affecting Alt-NHEJ, BER and NER pathways [77].

In fact, some molecules that inhibit more than one DNA-repair pathway were
identified as part of a promising strategy to develop new anti-cancer agents. These
compounds modulate the activity of specific proteins that are involved in several of
those pathways, such as histone deacetylases (HDACs) and PARP-1, or even in
other DNA damage response targets, such as ataxia telangiectasia mutated/Ataxia
telangiectasia and Rad3-related (ATM/ATR) and the MRN complex.

HDACSs, for instance, play an essential role in the maintenance of genome
stability, and their inhibition downregulates several components of the DDR and
DNA-repair pathways, namely the MRN complex, ATM, HR and NHEJ [78]. The
combination of HDAC inhibitors with DNA-damaging agents seems to be an
interesting approach in anti-cancer therapy [79].

On the other hand, some MRN complex inhibitors with promising outcomes
have also been reported. For example, telomelysin is a MRN complex inhibitor [80]
that is currently in clinical trials.

Another interesting target in DNA-repair-mediated anti-cancer therapy is

PARP-1. This protein plays an important role in both SBS and DSB repair by

19



Chapter |

binding to sites of DNA damage and recruiting other proteins that are key for DNA-
repair, such as XRCC1 (BER) or NBS1 and MRE11 (HR) [81]. Moreover, PARP-1
seems to supress NHEJ via PARYylation of Ku70/80, which is responsible for the
recognition of, and binding to DSBs, as previously mentioned. Therefore, repair by
HR is fostered [81, 82]. PARP-1 inhibition reverts this situation, which leads to
NHEJ activation, especially in HR-deficient cancer cells. Because NHEJ is a more
error-prone pathway than HR, PARP-1 inhibition can lead to an increase in
mutation rates and consequent cell death [81]. An extensive description of the
PARP-1 inhibitors that have been approved or are under investigation will be

presented in section 1.2.

1.1.3.6. Fanconi anaemia DNA-repair pathway

Fanconi anaemia (FA) DNA-repair pathway plays a key role in the repair of
ICLs, which is an extremely hazardous type of DNA damage. Various endogenous
(e.g., reactive aldehydes) and exogenous agents are able to generate ICLs.
Among the exogenous sources of DNA damage, chemotherapeutic agents like
cisplatin or even mitomycin C, which is a natural compound, are widely recognized
as cross-linking compounds. Depending on the agents that generate the ICLs,
different cellular responses will be obtained. Subsequently, a complex DDR is
promoted, including the activation of the FA DNA-repair pathway and cell-cycle
checkpoint. Nineteen FA proteins are involved in ICL repair. These are often
divided into three groups, in line with their role in this DNA repair pathway: the FA
core complex, the FANCD2/FANCI complex and the effector proteins [83]. It is
noteworthy that 95% of patients with FA, which is a rare inherited syndrome
characterized by congenital abnormalities, bone marrow failure and increased risk
of some types of cancer, display FA gene mutations [83, 84].

Once installed into DNA, ICLs are recognized by the FANCM-FAAP24—
MHF1-MHF2 anchor complex, followed by the triggering of the core complex
formed by FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, FANCM,
FAAP20, FAAP24 and FAAP100 [83, 84]. Subsequently, the FANCD2/FANCI
complex is recruited to the ICLs, after mono-ubiquitination by the core complex.

Finally, the effector proteins play a key role in the later stages of ICL repair. These
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proteins include FANCD1 (BRCA2), FANCJ (BRIP1), FANCN (PALB2), FANCO
(RAD51C), FANCP (SLX4), FANCQ (XPF), FANCR (RAD51) and FANCS
(BRCA1) [83].

Induction and upregulation of the FA DNA-repair pathway has been reported
as a mechanism of resistance to DNA cross-linking agents in a broad range of
cancers, such as gliomas [85], leukaemia [86], squamous cell head and neck
tumours [87] and multiple myeloma [88]. Thus, the inhibition of the FA pathway
has been pursued as a strategy to overcome the resistance to ICL-inducing agents
[89].

1.1.3.7. Translesion synthesis

Translesion synthesis (TLS), often described as a DNA-repair pathway, is
rather a DNA damage tolerance process that promotes replication, despite the
presence of some DNA lesions, such as AP sites. This implies the use of
specialized DNA polymerases that promote DNA synthesis (e.g., Rev1, Pol n and
¢). This DNA damage tolerance is an important mechanism of survival after the
occurrence of DNA lesions, despite the fact that it is an intrinsically error-prone
process and a major source of mutagenesis induced by DNA damage [90, 91].
Moreover, this mechanism is associated with acquired resistance to the genotoxic
agents used in anti-cancer therapy, due to an enhancement of cancer cells
survival after chemotherapy, which may increase the mutagenesis rate in tumours.
Consequently, TLS inhibition has been reported as an interesting approach to
overcome that resistance and to improve the efficacy of those drugs. The
development of TLS inhibitors has been actively pursued, even though no specific
TLS inhibitor has been identified to date. Therefore, further studies are needed to

understand fully the potential of these compounds [92].
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1.2. PARP-1 INHIBITORS

1.2.1. General considerations

1.2.1.1. The PARP family: structure and function

The poly(ADP-ribose)polymerases (PARP) family comprises a group of
enzymes that share the ability to catalyse the attachment of ADP-ribose moieties
to specific acceptor proteins and transcription factors, using nicotine adenine
dinucleotide (NAD") as a substrate [93]. The PARP family includes at least 17
isoforms that share a homologous catalytic domain, which includes a highly
conserved sequence of amino acids, the PARP signature motif (residues 859-908
in human PARP-1) [94], which defines the PARP family of proteins [95].

Additional similarities other than the catalytic domain are observed among
some PARP members and may underlie the common functions observed between
them [96]. For instance, PARP-1, PARP-2 and PARP-3 display a common
tryptophan-, glycine-, arginine-rich (WGR) domain that seems to play an important
role in their DNA-dependent activity [96, 97] (Figure 1.8). Moreover, PARPs have
been grouped in different classes, according to their multi-domain structure
architecture, cellular location or enzymatic functions [98, 99]. According to the new
nomenclature proposed by Hottiger et al. [100], the human PARP family (hPARP)
can be divided into three groups, taking into account their motifs and activities:

a) PARP-1,-2 and 4, and tankyrases 1 (PARP-5A) and 2 (PARP-5B), which
catalyse poly (ADP-ribosyl)ation;

b) PARP-3, 6-8, 10-12 and 14-16, which have an accepted or putative
mono (ADP-ribosyl)ation activity;

c) PARP-9 and 13, which are likely enzymatically inactive.

Therefore, only five members display true PARP activity, which leads to their
renaming as ADP-ribosyltransferase diphtheriatoxin-like (ARTD) proteins. This
designation reflects better the transferase activity described above that is common

to all members of the family. However, the term PARP is generally accepted.
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Figure 1.8 Structural domains of the human PARPs. Only the members that have a true
poly(ADP-ribosyl)ation activity (PARP-1, 2, 4 and 5) and/or display a DNA-dependent activity
(PARP-1, 2, and 3) are represented. Each member displays a catalytic domain containing an ADP-
rybosyltransferase (ART) domain. PARPs 1-4 have an additional helical domain (HD), which is
involved in allosteric regulation. PARPs 1-3 contain a WGR domain that plays a key role in DNA-
dependent catalytic activation.

PARP-1 is the best characterized isoform among the PARP family members
and is responsible for 85%—90% of poly(ADP-ribosyl)ation activity [101]. It plays
an active role in several biological processes, including inflammation, hypoxic
response, transcriptional regulation, maintenance of chromosome stability, DNA-
repair, and cell death [101-105]. This 113 kDa nuclear enzyme is composed of
three major domains: an N-terminal DNA-binding domain (DBD), an auto-
modification domain (which is able to establish protein—protein interactions,
namely with BRCA1) and a catalytic domain ((CAT) where enzymatic activity takes
place) [81] (Figure 1.9).
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Figure 1.9 Representation of the major PARP-1 domains. The DNA-binding domain (DBD)
contains three zinc-finger motifs: ZnF1, ZnF2 and ZnF3. The BRCA1 C-terminus (BRCT) is
involved in protein—protein interactions. The catalytic domain (CAT) is divided into two sub-
domains, the helical domain (HD) and the ART domain.

Among the different biological processes in which PARP-1 can take place, its
key role in DNA-repair has been amply studied [61]. This protein recognizes and
binds to DNA strand breaks via its N-terminal region, which promotes a
conformational change in the C-terminal catalytic domain. As a result, this domain
becomes activated, exposing the activation site to NAD" and leading to the
attachment of poly (ADP-ribose) chains to many targets, including key proteins for
DNA-repair and replication and PARP-1 itself, in a process that is known as
“‘PARylation” [81, 102, 106, 107]. The PARP-1 catalytic activity is increased by to
500 times upon binding to damaged DNA. The negative charge of PAR decreases
the interaction between histones and DNA, thus allowing the access of DNA-repair
enzymes, such as XRCC1 and Lig llla (in BER pathway), to the site of damage.
Simultaneously, PARP-1 is rapidly inactivated by poly(ADP-ribose) glycohydrolase
(PARG), which renders the DNA damage site even more accessible to the DNA-
repair machinery. Consequently, the enzyme becomes inactivated and dissociates
from the DNA. In this way, the DNA-repair can proceed. The total repair cycle can
be processed in a few minutes [107]. In addition to its key role in BER, PARP-1
has been described as a promoter of HR over NHEJ, and to have a critical
function in Alt-NHEJ activation [58, 81] (Figure 1.10).

PARP-2 and PARP-3, together with PARP-1, are also involved in DNA-repair
and genomic maintenance. PARP-2, which exhibits 69% similarity with the PARP-
1 catalytic domain, is its closest relative and displays overlapping functions. A
double knockout of PARP-1 and PARP-2 is embryonically lethal in mice, while
knockouts of either PARP-1 or PARP-2 bear only mild phenotypes.
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Figure 1.10 Simplified schematic representation of PARP-1 activity in DNA repair pathways
and the major effects of PARP-1 inhibitors. A) SSB repair by the BER pathway. B) DNA-repair
mechanisms involved in DNA DSBs, in HR-proficient and HR-deficient cells, and the consequences
of PARP-1 inhibition in DNA DSB repair. Only the main components of each pathway are
displayed.

Nevertheless, different targets have been reported for PARP-1 and PARP-2,

which might indicate that the two proteins carry out specific biological functions,

namely in the DDR [95]. In contrast with PARP-1, genetic disruption of PARP-2 in
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mice affects several processes, such as adipogenesis [108], spermatogenesis
[109], and thymocyte survival [110]. On the other hand, the involvement of PARP-
3 in DNA-repair implies the recruitment of the aprataxin-like factor (APLF) at
DSBs, which triggers the recruitment/retention of the XRCC4/Lig IV complex at
DNA breaks, thus facilitating DSB repair [97]. Despite this, deletion of PARP-3 has
shown that this protein is not essential for cell survival upon DNA damage [95].

Tankyrases 1 and 2 have also emerged as potential drug targets, as they
play a key role in many biological processes, such as telomere homeostasis,
glucose metabolism, Wnt/B-catenin signalling and cell progression. The two
tankyrases display 82% of homology between them and are unique members
among the ARTD family, as they contain a sterile alpha motif (SAM) that is
responsible for tankyrase multimerization, as well as an ankyrin (ANK) domain,
which is formed by several ankyrin repeats and acts as a protein interaction
module [111].

1.2.2. PARP-1 inhibitors under clinical evaluation

At least 15 molecules have entered clinical trials as PARP-1 inhibitors
(Figure 1.11). Among them, four were discontinued (iniparib 1.12, the prodrug
CEP-9722 1.13 [112, 113], INO-1001 1.14 [114, 115], and AZD-2461 1.15), two
completed the earliest phase studies without additional information (E7016 1.6 and
E7449 1.7 [116]) and nine are currently progressing in different phases of clinical
trials (olaparib 1.1 (Lynparza™), rucaparib 1.2, niraparib 1.3 [117], veliparib 1.4
[118], talazoparib 1.5 (also known as BMN-673) [119], fuzuopali 1.8, BGB-290 1.9,
ABT-767 1.10 and fluzoparib 1.11). All of these inhibitors contain a benzamide
pharmacophore that mimics the natural PARP-1 substrate NAD", thus suggesting
their activity as competitive inhibitors. Moreover, they display a high, but not
selective, PARP-1 inhibitory activity. These molecules are PARP-2 inhibitors as
well, and, in some cases, are able to inhibit Tankyrases 1 and 2 [116]. It is
important to mention that iniparib 1.12 is not a true PARP inhibitor, and its poor
therapeutic effectiveness against PARP-1 explains the discontinuation of its

clinical evaluation during phase Il clinical trial testing. Compounds 1.13, 1.14 and
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1.15 were also discontinued, due to the poor pharmacokinetic profile or

safety/efficacy issues [113].

1.4 (veliparib, ABT-888)

1.7 (E7499) 1.8 (fuzuopali)
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Figure 1.11 PARP-1 inhibitors that have entered clinical trials. A) Inhibitors that are currently in

clinical evaluation. B) Inhibitors that were discontinued.
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Among the inhibitors that are presently undergoing active clinical trials, four
compounds are in the earliest phase studies (1.8-1.11; Table 1.1). The remaining
five molecules (1.1-1.5) have reached the late-stage of clinical development. In
the majority of the current clinical trials, the compounds are being tested as stand-
alone therapies against different types of cancer with BRCA1/2 mutations, such as
breast, ovarian or pancreatic cancers. The combination of PARP inhibitor
candidates with common anti-cancer agents is also being investigated against
solid tumours, such as glioblastoma and non-small cell lung cancer (NSCLC)
(Table 1.1). Among the molecules in the later clinical evaluation phases, olaparib
1.1, rucaparib 1.2 and niraparib 1.3 are particularly interesting, as they are the only
PARP inhibitors that have been approved to date, for some particular clinical uses.

Olaparib 1.1 is the first-in-class PARP inhibitor and was approved in 2014.
The European Medicines Agency (EMA) has granted it market approval as a
maintenance monotherapy for patients carrying platinum-sensitive BRCA-mutant
(germline and somatic) ovarian cancer. Despite the fact that Food and Drug
Administration (FDA) did not approved it simultaneously, this agency granted
approval to olaparib 1.1 a few months later, for the treatment of advanced ovarian
cancer in women with germline BRCA1/2 mutation who had been treated
previously with at least three chemotherapeutic lines [120].

Olaparib 1.1 is the PARP-1 inhibitor that has been evaluated most
extensively. Since 2013, more than 60 clinical trials have initiated to evaluate this
molecule as a stand-alone agent or as a combination therapy, with some
encouraging results. Eight phase Il monotherapy studies have been reported for
breast, ovarian, pancreatic and prostate cancer or for Ewing sarcoma, with
different levels of therapeutic responses. The best responses were observed in the
treatment of BRCA-mutated ovarian cancer [121-128]. Current phase Il studies
are under way to evaluate the use of olaparib 1.1 not only as a maintenance
therapy after platinum-based chemotherapy for women with newly diagnosed or
recurrent ovarian cancer, but also as a single agent for the treatment of recurrent

ovarian cancer with BRCA mutations [129].
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Table 1.1 Clinical trials that are currently under way for PARP-1 inhibitors. Only the clinical
trials in the highest clinical phases for each drug are presented. The data were obtained from
www.clinicaltrials.gov, accessed 7/11/2017, with exception of compound 1.8.

Highest
Drug Company clinical . Stu_d_y Cancer BRC'.M/Z Combination
identifiers type testing
phases
1 NCT01844986 Ovarian Yes No
1 NCT01874353 Ovarian Yes No
i NCT01924533 Gastric No + paclitaxel
1.1* AstraZeneca 1 NCT02000622 Breast Yes No
1 NCT02032823 Breast Yes No
1 NCT02184195 Pancreatic Yes No
1 NCT02282020 Ovarian Yes No
1 NCT02446600 Ovarian Yes + cediranib
i 1] NCT01968213 Ovarian Yes No
1.2 Clovis Il NCT02855944  Ovarian Yes No
Oncology
1 NCT02975934 Prostate Yes No
1 NCT01905592 Breast Yes No
1.3 Tesaro ;
1 NCT02655016 Ovarian Yes No
1] NCT02032277 TNBC No + carboplatin
Il NCT02106546  NSCLC No il
+ paclitaxel
Il NCT02152082 , Clo- No + TMZ
blastoma
1.4 AbbVi i
¢ Il NCT02163694  Dreast Yes il
cancer + paclitaxel
Il NCT02264990  NSCLC No + carboplatin
+ paclitaxel
Il NCT02470585  Ovaran No i izl
Cancer + paclitaxel
BioMarin Breast
1.5 Pharmaceuti 1 NCT01945775 Yes No
cal cancer
Jiangsu Advanced
1.8 Hengrui | CTR20131369 solid No No
Medicine Co. tumours
+ TMZ
1.9  BeiGene M NCT03150862 , CNO- No and/or
blastoma Radiation
therapy
. Solid
1.10 AbbVie | NCT01339650 Yes No
tumours
Jiangsu Advanced
1.11 Hengrui I NCT02575651 solid No No
Medicine Co. tumours

* Seventeen clinical studies are undergoing for olaparib 1.1. Only the first eight to enter phase Il

clinical trials are represented.
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A phase Il clinical trial was also initiated to test olaparib 1.1 against
metastatic pancreatic cancer in individuals with germline BRCA1/2 mutation who
had not progressed after the first-line platinum-based chemotherapy (Table 1.1).
Moreover, promising results obtained in patients with metastatic castration-
resistant prostate cancer who carry BRCA or ATM mutations led to the
classification of olaparib 1.1 by the FDA as breakthrough therapy designation
(BTD) for prostate cancer.

Furthermore, olaparib 1.1 has been displaying promising results in
combination therapy. The combination of olaparib 1.1 with placitaxel has led to a
high objective response rate (ORR) in patients with gastric cancer who have low
expression of ATM [130]. A phase Il study, named NCT01924533, is under way
for further investigation (Table 1.1). Additional clinical benefits in patients with
ovarian cancer were observed by the combination of olaparib 1.1 with the vascular
endothelial growth factor receptor (VEGFR) inhibitor cediranib in both phase | and
Il studies, and by its combination with the pan-phosphatidylinositol 3-kinase (PI3K)
inhibitor 5-(2,6-dimorpholinopyrimidin-4-yl)-4-(trifluoromethyl)pyridin-2-amine
(BKM120) or even the epidermal growth factor receptor (EGFR) inhibitor gefitinib
in advanced NSCLC with positive EGFR mutation [131-133].

Despite the absence of inter-ethnic differences in its tolerability, safety and
pharmacokinetic/pharmacodynamics (PK/PD) profiles, olaparib 1.1 was associated
with myelosuppression and gastrointestinal issues as its primary toxicity,
particularly in combination with other chemotherapeutic drugs [134-136]. In fact,
complete clinical trials that evaluated olaparib 1.1 in combination with cisplatin,
carboplatin and the topoisomerase Il inhibitor pegylated liposomal doxorubicin
(PLD) demonstrated that olaparib 1.1 potentiates the toxicity associated with those
drugs, despite the fact that it increases their therapeutic response [137-139].
Moreover, the combination of olaparib 1.1 with dacarbazine, topotecan or even
cisplatin plus gentamicine could not be tolerated because of an increment in the
toxicity [140, 141].

The other recently approved PARP inhibitor, rucaparib 1.2 was the first to
enter clinical trials in 2003; it was used in combination with TMZ to treat advanced

solid tumours [142]. A chemo-potentiation benefit was afforded by the combination
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of rucaparib 1.2 with TMZ or 5-fluorouracil (5-FU) in patients with metastatic
melanoma and acute leukaemia, respectively [143, 144]. With a demonstrated
anti-ovarian cancer activity in vitro and in vivo [145], rucaparib 1.2 was recently
approved by the FDA for the treatment of patients with advanced ovarian cancer
with BRCA1/2 mutation who were previously treated with two or more
chemotherapeutic protocols [146]. Moreover, a phase Il study is under way to test
the use of rucaparib 1.2 in patients with metastatic castration-resistant prostate
cancer and homologous recombination gene deficiency (TRITON3-
NCT02975934; Table 1.1)

Niraparib 1.3 was the latest PARP-1/2 inhibitor approved by the FDA as a
maintenance treatment for adult patients with recurrent epithelial ovarian, fallopian
tube or primary peritoneal cancer who exhibit partial or complete response to
platinum-based chemotherapy [147]. Its clinical use in Europe, for the same
indication, was recently granted by EMA [148].

It is worth mentioning that all five PARP-1 candidates that are in late-stage
clinical trials induced toxicity, even in monotherapy. Even though they are
relatively well-tolerated, these molecules yielded different side effects. The most
severe side effects include nausea, fatigue and neutropenia, among other
hematologic toxicities. Among these five molecules, olaparib 1.1 shows a higher
clinical toxicity, although other PARP-1 inhibitors, such as rucaparib 1.2 and
niraparib 1.3, also display severe side effects, including increased liver enzyme

levels and thrombocytopenia, respectively [81].
1.2.3. Structural types of PARP-1 inhibitors

Nicotinamide 1.16 (Figure 1.12), which is the by-product of NAD" cleavage,
has been used as the structural basis for the discovery of PARP-1 inhibitors. Most
of the PARP-1 inhibitors described in the literature are nicotinamide/benzamide
derivatives and bind at the nicotinamide-binding pocket in the donor site of the
PARP-1 catalytic domain, thus competing with NAD" (Figure 1.13).
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Figure 1.12 First A) and second B) generations of PARP-1 inhibitors.

Phosphate
binding site

Adenine-ribose
Nicotinamide-binding binding site
pocket

Figure 1.13 The binding mode of NAD" at the donor site of PARP-1 catalytic domain.

This mode of binding suggests that these inhibitors establish classical
hydrogen bonds with Ser243 and Gly202, as well as 17— interactions with Tyr246,
also established by nicotinamide at the binding site. Nicotinamide 1.16 itself and 3-
aminobenzamide (3-AB) 1.17 were the earliest PARP-1 inhibitors identified in the
1980s, with an activity falling into the micromolar range (Figure 1.12) [107, 149].
However, the low inhibitory potency and the lack of specificity of those compounds

prevented their further development [150]. To improve the potency of the first

32



Chapter |

generation of PARP-1 inhibitors, mainly 3-substituted benzamides, different

structure-activity relationships (SARs) and drug design studies were pursued.

1.2.3.1. Bicyclic lactam-containing PARP-1 inhibitors

Based on a screening of more than 100 compounds, Banasik and co-workers
identified a second generation of PARP-1 inhibitors formed by bicyclic and tricyclic
lactams [151]. The restricted rotation of the amide within the heterocyclic system
maintains the carbamoyl group in the anti (cis) favourable configuration, which
facilitates hydrogen bonding with Ser243 and Gly202. Moreover, the aryl system
also contributes to the interaction between the carboxamide and the nicotinamide-
binding residues, via an increment in the electron-donor capacity of the carbamoyl
group [152]. Isoquinolinone 1.18 [153], dihydroisoquinolinone 1.19 [154],
quinazolinedione 1.20, phthalazinone 1.21, quinazolinone 1.22 and
phenanthridone 1.23 are examples of bicyclic (1.18-1.22) and tricyclic (1.23)
lactams derivatives that showed promising PARP-1 inhibitory activity (Figure 1.12)
[151]. However, due to the micromolar range of the PARP-1 inhibition activity of
these compounds, further studies using these scaffolds were developed to
discover new promising molecules, including some that are currently in clinical
trials (Table 1.1). For instance, the structural modification of early phthalazinone
1.21 derivatives led to the discovery of the recently approved PARP inhibitor
olaparib 1.1 (Figure 1.11) [107, 150]. Moreover, in an attempt to overcome the
failed responses to long-term treatment with this inhibitor, AstraZeneca developed
AZD2461, which is structurally similar to olaparib 1.1 but a poor substrate of the P-
glycoprotein (P-gp) efflux pump, one of the mechanisms that is associated with
resistance to PARP inhibitors [106, 155, 156]. However, despite its entry in phase |
clinical trials, the development of AZD2461 was stopped because of
safety/efficacy issues [157]. Additional structural modifications of the
phthalazinone 1.21 scaffold were performed to enhance the aqueous solubility and
low bioavailability associated with these compounds, including olaparib 1.1.

In 2010, Pescatore and co-workers reported a new PARP inhibitor class,
containing a pyrrolo[1,2-a]pyrazine-1(2H)-one core. Among the compounds

designed, 1.24 and 1.25 (Figure 1.14) showed high potency against PARP-1, as
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well as a significant cytotoxicity against BRCA17-deficient cells. Nevertheless,
further studies were disrupted due to high plasma clearance [158]. The
substitution of the pyrrole moiety with a dimethylpyridazin-3(2H)-one core led to
the discovery of compound 1.26 (Figure 1.14), which has interesting PARP-1
inhibitory and cytotoxic activities, but also high clearance and metabolic instability,
thus preventing further development [159]. In another attempt to improve the
solubility profile of the phthalazinone 1.21 scaffold derivatives, Zhu and co-workers
developed tetrahydropyridopyridazinone analogues. The replacement of the
phenyl moiety in the phthalazinone 1.21 scaffold with a piperidine ring may
promote the establishment of an additional water-mediated hydrogen bond
between the amine moiety of piperidine and Glu327 at the nicotinamide-binding
pocket of the PARP-1 catalytic domain, which would enhance the water solubility
of these new compounds. A novel compound, 1.27, displaying high PARP-1
inhibitory potency and high cytotoxicity against BRCA7-deficient cells was
obtained (Figure 1.14) [160].

N N
F O”%/ i %
1.24 o H 1.25 HN

ICso (PARP-1) = 2.1 nM

1.26 1.27
ICs0 (PARP-1) = 3.6 nM K (PARP-1) = 0.9 nM

Figure 1.14 PARP-1 inhibitors obtained by modification of the pyrrolo[1,2-a] pyrazine-1(2H)-
one (1.24 and 1.25), dimethylpyridazin-3-one (1.26) or phthalazinone (1.27) scaffolds.
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Polycyclic compounds bearing a lactam moiety were designed as PARP-1
inhibitors. E7016 1.6 and E7449 1.7 (Figure 1.11), which were both developed by
Eisai, are two examples of tetracyclic and tricyclic PARP-1 inhibitors, respectively,
which entered clinical trials as drug candidates. Rucaparib 1.2 (Figure 1.11),
initially developed by Cancer Research Technology/Pfizer (subsequently
transferred to Clovis Oncology), is another example of a potent tricyclic lactam-
containing PARP-1 inhibitor.

Moreover, BioMarin Pharma developed a new class of tricyclic PARP-1
inhibitors based on the combination of the benzimidazole and phthalazinone 1.21
cores, which led to the discovery of the most potent PARP-1 inhibitor under clinical
investigation, talazoparib 1.5 (ICsp = 0.57 nM (Figure 1.11)). The fused tricyclic
core generated is able to establish the same key interactions as the phthalazinone
core in olaparib 1.1. In addition, new hydrogen bonds and -1 stackings with
binding site residues, shown by X-ray co-crystallisation of talazoparib 1.5 with the
PARP-1 catalytic domain, contribute to its potency. In this case, the
stereochemistry also plays a key role, as talazoparib 1.5 is 240- and 340-fold more
potent than its enantiomer, BMN-674, in PARP-1 enzymatic and cellular assays
[119, 161]. A good oral bioavailability, improved by the presence of the triazole
moiety, associated with optimal plasma clearance and a long half-life render
talazoparib 1.5 an excellent PARP-1 inhibitor candidate. It is currently in phase llI
clinical trials as a stand-alone agent or in combination therapy with other anti-
cancer agents.

The dihydroquinolinone core, which is a reported PARP-1 inhibitor scaffold,
was also used in different drug design approaches for the development of new
promising inhibitors. Compounds 1.28, 1.29, 1.30 and 1.31 (Figure 1.15) are
examples of molecules that were obtained from structural modifications of this
core. However, despite their promising PARP-1 inhibitory activity, those
compounds were not further evaluated due to poor pharmacokinetics (1.28), safety
issues (1.29) or even low cellular potency in BRCA mutant cells (1.30, 1.31) [162-
164].
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Figure 1.15 PARP-1 inhibitors derived from dihydroquinolinone core.

Another approach was used in 2013 by Zhang and co-workers to synthesize

new and potent PARP-1 inhibitors. Using apomorphine, which is a dopamine

agonist, as the starting point, those authors developed a series of

benzo[de][1,7]naphthyridin-7(8H)-ones, among which the two most promising
PARP-1 inhibitors are compound 1.32 and its derivative 1.33 (Figure 1.16), both

bearing the phthalazin-1(2H)-one core structure of olaparib 1.1 [165].

N
o) N’
E ‘ (]
O F
1.32 1.33
ICs0 (PARP-1) = 0.3 nM ICs0 (PARP-1) = 3.4 nM

Figure 1.16 PARP-1 inhibitors containing a benzo[de][1,7]naphthyridin-7(8H)-one core.

It is worth mentioning that structural modification of known PARP-1 scaffolds,

such as quinazolinones 1.22 and quinazolinedione 1.20 cores, recently provided
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the discovery of new promising PARP-1 inhibitors, such as compounds 1.34 and
1.35 (Figure 1.17). Both molecules showed a high PARP-1 enzymatic activity
[166, 167].

(0]
(o) (o) NH
e ot O
N N o
© kd: Q\"T\/\/OTBS

1.34 1.35
IC5¢ (PARP-1) = 9.8 nM IC50 (PARP-1) = 1.3 nM

Figure 1.17 PARP-1 inhibitors obtained by modification of quinazolinone (1.34) and
quinazolinedione (1.35) scaffolds.

1.2.3.2. Pseudo-bicyclic lactam-containing PARP-1 inhibitors

In the 1990s, the research group of Roger Griffin and Bernard Golding at
University of Newcastle reported two new PARP-1 inhibitor scaffolds, the
imidazole and benzoxazole carboxamides [168]. The imidazole/benzoxazole
nitrogen is able to establish an intramolecular hydrogen bond with the amide
moiety, which acts as a hydrogen bond donor. Thus, a pseudo-ring is formed,
maintaining the amide in the most favourable configuration for PARP-1 binding, as
happens with bicyclic and tricyclic lactams [107]. Due to the high PARP-1
inhibitory potency exhibited by these cores, especially by benzimidazole
carboxamides (Ki = 95 nM), several drug design approaches were developed to
identify novel and potent PARP-1 inhibitors, leading to the discovery of two potent
candidates, niraparib 1.3 and veliparib 1.4 (Figure 1.11), one of which (niraparib
1.3) recently approved as PARP inhibitor.

Based on these molecules, novel series of derivatives were identified. Zhu
and co-workers reported a series of imidazo[4,5-C]pyridine carboxamide
derivatives acting as PARP-1 inhibitors, namely the compound 1.36 (Figure 1.18).
It displayed not only an interesting PARP-1 inhibitory activity (ICso = 528 nM), but

also a potentiation of TMZ cytotoxicity against several cancer cell lines. Moreover,
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an improved anti-cancer efficacy was observed by combining 1.36 with cisplatin,

similar to the combination of veliparib 1.4 with cisplatin, in mouse [169].
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ICs0 (PARP-1) = 79 nM IC50 (PARP-1) = 70 nM

Figure 1.18 PARP-1 inhibitors bearing pseudo-bicyclic lactams.

Patel and co-workers recently reported dihydrobenzofuran carboxamides as
PARP-1 inhibitors. Two molecules with promising inhibitory activity were identified:
1.37 and 1.38 (Figure 1.18). However, only a moderate activity against BRCA2-
deficient DT40 cells was shown for compound 1.37 [170]. It is worth noting that, in
2014, Cincinelli and co-workers described a new class of pseudo-bicyclic lactam
PARP-1 inhibitors, 7-azaindole-1-carbaxamides. The most potent compound, 1.39
(Figure 1.18), showed an ICsy value of 70 nM against PARP-1, as well as a lower

recognition by P-gp compared with olaparib 1.1 in P-gp overexpressing cells [171].

1.2.3.3. PARP-1 inhibitors not containing an amide moiety

In 2013, Yu-Ru and co-workers reported a series of anthraquinone
derivatives among which the most active compound, NSC747854 1.40 (Figure
1.19), a non-amide molecule derivative, displayed an interesting PARP-1 inhibitory

activity [172]. Moreover, Song and co-workers used a virtual screening strategy to
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identify a set of commercially available natural compounds that act as PARP-1
inhibitors. Among those compounds, puerarin 1.41, chlorogenic acid 1.42,
biochanin A 1.43 and phloretin 1.44, represented in Figure 1.19, appeared to be
the most promising molecules, with 1Csy values of 6, 25, 86 and 470 nM,
respectively. Interestingly, none of these compounds contain the amide moiety in
their structure [173].
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1.40 (NSC747854) 1.42 (chlorogenic acid)

ICs0 (PARP-1) = 25 nM

1.41 (puerarin)

HO O o ICs0 (PARP-1) = 6 nM OH O

1.43 (biochanin A) 1.44 (phloretin)
ICs50 (PARP-1) = 86 nM IC50 (PARP-1) = 470 nM

Figure 1.19 PARP-1 inhibitors not bearing an amide group.

1.2.3.4. Selective PARP-1 inhibitors

Despite decades of research on this subject, most of the PARP-1 inhibitors
developed to date display poor or no selectivity over PARP-2, including those
currently in clinical trials or even recently approved. The most notorious example is
olaparib 1.1, a PARP-1/2 inhibitor with an ICsy of 5 nM/1 nM. Moreover, some of
those molecules are able to inhibit other members of the PARP family, like

Tankyrases 1 and 2.
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In an attempt to discover selective PARP-1 inhibitors, Hattori and co-workers
reported, in 2006, a series of quinazolinone 1.22 analogues that displayed a
modest PARP-1 selectivity over PARP-2. The representative compound, 1.45
(Figure 1.20), displayed an ICs value of 13 nM for PARP-1, which represents a
more than 38-fold PARP-1/PARP-2 selectivity [174]. Moreover, isoquinolindione
derivatives showed a preferential PARP-1 inhibition over PARP-2. The illustrative
compound 1.46 (Figure 1.20), for instance, exhibited an ICsy value of 45 nM and
4000 nM for PARP-1 and PARP-2, respectively [175].
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Kp (PARP-2) = 1300 nM

1.46
ICs0 (PARP-1) = 45 nM
ICs0 (PARP-2) = 4000 nM

Figure 1.20 Selective PARP-1 inhibitors.

On the other hand, Papeo and co-workers reported 3-oxo-2,3-dihydro-1H-
indazole-4-carboxamide derivatives as selective PARP-1 inhibitors. Among the
promising molecules, compounds 1.47 and 1.48 (Figure 1.20) display a high
PARP-1 enzymatic inhibition, as well as good selectivity (2/3-fold over their PARP-
2 or PARP-3 inhibitory activity) and pharmacokinetic profile [176]. Furthermore, the
same research group identified a set of molecules derived from the structural
optimization of isoindole-4-carboxamides that display an important selectivity for
PARP-1. Among these, compound 1.49 (Figure 1.20), with a Kp value of 9
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nM/1300 nM for PARP-1/PARP-2, displays a remarkable PARP-1 selectivity over
PARP-2. Additionally, it exhibits a good performance either as a stand-alone agent
or in combination with TMZ in BRCA1/2-deficient cells. The analysis of the active
site—ligand interactions of this compound co-crystallised with the PARP-1 and
PARP-2 catalytic domains showed that compound 1.49 established similar
interactions at the nicotinamide-binding pocket of both proteins. The PARP-1
selectivity observed may be attributed to the better accommodation of the 4,4-
difluorocyclohexyl group into the adenine-ribose binding site, because of the
formation of a larger pocket in PARP-1 over PARP-2. This may be induced by

slight differences in the a-helix orientation of the two proteins [177].

1.2.4. Mechanisms of the PARP-1 inhibitors

1.2.4.1. PARP trapping

The first mechanism proposed for the PARP-1/2 inhibitors activity is the
inhibition of the enzymatic activity of PARP-1/2, which compromises the SSB
repair, leading to the conversion of these into DSBs after duplication of DNA
strands. This may potentiate some anti-cancer agents that act by damaging DNA,
or even, in the case of HRR-deficient cancers, triggers cell death based on an
inability to repair the DSBs generated [150, 178]. Nevertheless, differences in the
cytotoxic activities of several PARP-1/2 inhibitors that display a similar potency in
inhibiting the PARP-1/2 catalytic domain have been reported, which suggests the
existence of an additional mechanism underlying these discrepancies. Olaparib
1.1 and niraparib 1.3, for instance, show a higher cytotoxicity than veliparib 1.4,
despite the great PARP-1/2 catalytic activity displayed by all of them [179, 180].
Moreover, PARP-1/2 inhibitor cytotoxicity seems to be greater in cancer cells with
a wild-type PARP gene, compared with PARP-1/2 knockout cells, which cannot be
explained by PARP-1/2 catalytic inhibition [181]. It has been suggested that the
binding of PARP-1/2 inhibitors to the nicotinamide-binding pocket induces an
allosteric conformational change in PARP-1/2 that stabilizes its interaction with
DNA, thus trapping PARP-1 in the damaged DNA. The persistent DNA-PARP-1

complexes, which generally exist as noncovalent complexes in intact cells, act as
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a physical barrier to the DNA-repair machinery, which can ultimately lead to cell
death. This is particularly true during the S phase, in which DNA trapping
promotes the generation of DSBs, which are lethal in HRR-deficient cells.
Furthermore, the differences between PARP-1/2 catalytic inhibitory and trapping
activities appear to be related with differences in synergism, after combining
PARP-1/2 inhibitors with anti-cancer agents, such as TMZ. However, the high
correlation between PARP-1 inhibitors cytotoxicity and HRR deficiency may not be
completely explained by DNA-PARP-1 trapping [179, 180]. Additionally, PARP-1
inhibitors with different trapping abilities are able to induce comparable efficacy at
the maximum tolerated dose (MTD) in vitro [182]. On the other hand, the amount
of SSBs did not appear to increase in BRCAZ2-deficient cells treated with PARP-1
inhibitors. Taken together, these finds suggest that further investigation of DNA-
PARP trapping mechanism is necessary to understand fully its real role in the
cytotoxicity induced by PARP-1 inhibitors, in addition to the other PARP-1

mechanisms suggested [150].

1.2.4.2. Synthetic lethality

Synthetic lethality occurs when the combination of mutations in two or more
genes becomes lethal to the cell or organism, whereas the mutation of each gene
alone is not [183]. It has been reported as the mechanism via which PARP-1
inhibitors act as single agents and is mainly associated with HRR deficiency.
Three different models have been proposed to explain how the anti-cancer PARP-
1 inhibitory activity depends on synthetic lethality, namely the inhibition of BER,
NHEJ activation and Alt-NHEJ inactivation.

BER inhibition

As mentioned above, PARP-1 plays a key role in BER, which is one of the
main mechanisms involved in SSB repair. Thus, PARP-1 inhibitors will promote
the accumulation of unrepaired SSBs, and consequently of DSBs, after DNA
strand duplication. In HRR-deficient cells, the DSBs are left unresolved, thus

compromising cell viability and leading to cell death [81, 184]. Nevertheless, it is
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worth mentioning that the absence of XRCC1 (a key scaffold protein in BER) does
not compromise cell viability in HRR-deficient cells, demonstrating the crucial role
of PARP-1 over a deficiency in the BER pathway in cells carrying defects in HRR
[61].

NHEJ activation

PARP-1 is responsible for the PARylation of many targets, including key
proteins involved in the NHEJ pathway, like Ku70/80 and DNA-PKcs [28, 185,
186]. This process leads to the suppression of NHEJ [187-189]. PARP-1 inhibition
seems to reverse this process, thus increasing NHEJ activity. Consequently, in
HR-deficient cells, the error-prone NHEJ pathway is activated, leading to an
increase of, chromosomal rearrangements and mutations, which can ultimately
promote cell death [190, 191].

Alt-NHEJ inactivation

PARP-1 has also been described as a player in mutagenic Alt-NHEJ by
recruiting Pol v to the DNA damage sites, to foster DSB repair. In HRR-deficient
cells that pathway is promoted as an alternative to HR, to allow DSB repair. Thus,
PARP-1 inhibition leads to the suppression of Alt-NHEJ, which is lethal in cells
harbouring impaired HRR [61, 150].

1.2.5. Resistance to PARP-1 inhibitors

Despite the promising clinical studies involving PARP-1 candidates and the
market approval of olaparib 1.1, rucaparib 1.2 and niraparib 1.3, resistance to
PARP-1 inhibitors seems to be a significant clinical challenge. Several resistance
mechanisms have been identified, such as the decreased intracellular availability
of PARP-1 inhibitors, the restoration of HR function in cells carrying HRR
deficiency and loss or decrease of PARP-1 expression [192].

Multi-drug resistance (MDR) efflux transporters have been reported as a
primary mechanism of resistance to several drugs. For instance, the

overexpression of P-gp has been correlated with the resistance to PARP-1
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inhibitors. It is suggested that PAR is able to inhibit P-gp. The decrease of PAR
synthesis due to PARP-1 inhibition may lead to the increase of P-gp and,
consequently, of drug efflux [193]. Pre-clinical studies using olaparib 1.1 have
suggested that it acts as a P-gp substrate, as shown by the resistance of P-gp-
overexpressing cancer cells to that PARP-1 inhibitor [156, 194]. However, further
studies are needed to establish a true correlation between PARP-1 inhibitors
resistance and P-gp overexpression in cancer cells [150].

Another resistance mechanism that has been identified is the recovery of
HR function in HRR-deficient cells. Secondary mutations in mutated BRCA that
are able to restore its function have been the most identified resistance
mechanism. Those mutations can include the restoration of the wild-type BRCA, or
even the codification of a new form of BRCA, both of which are capable of re-
establishing the BRCA and HRR functions. Once HRR is restored, PARP-1
inhibitors may lose their activity as stand-alone agents or in combination with anti-
cancer drugs. Examples of secondary mutations have been reported for BRCA-
mutated ovarian and breast cancers, after which they become resistant to PARP-1
inhibitors [150].

A third frequently reported resistance mechanism is the decrease or loss of
PARP-1 expression, as the effectiveness of PARP-1 inhibitors in anti-cancer
therapy depends on the availability of the PARP-1 protein [150, 193]. It has been
demonstrated that the absence of PARP-1 promotes resistance to olaparib 1.1
and talazoparib 1.5. Moreover, continued treatment with veliparib 1.4 is associated
with a decrease in PARP-1 protein levels. However, it is worth mentioning that
changes in the levels of PARP-1 expression during different stages of breast
cancer, for instance, are correlated with differences in the level of miR-210, which
is a suppressor of PARP-1 expression. Thus, the resistance to PARP-1 inhibitors

may ultimately be dependent on miR-210 and the cancer stage [193, 195].

1.3. COMPUTER-AIDED DRUG DESIGN IN DRUG DISCOVERY

Despite all the efforts that have been made in the search for novel, safer and

more potent drugs, the high cost and time associated with their development have
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led to the development of different tools to achieve this goal more efficiently,
namely computer-aided drug design (CADD), aiming to save time and resources
[196]. Using scientifically accurate knowledge, it is estimated that about $2.6 billion
dollars are involved in the drug development process of bringing a promising
molecule to the market [197], which takes 10-15 years [198, 199]. Moreover, the
rate of molecules that fail in the late-stage of clinical trials and do not enter the
market is extremely high. In fact, up to 90% of drug candidates that reach clinical
trials are not approved further [200].

Although high-throughput screening (HTS) has assumed an important role in
the identification of novel and promising hits, because it allows the screening of
thousands of molecules using an integrated robotic system, it still involves a
considerable financial effort and is limited by the availability of targets and ligands
for testing [197]. Thus, CADD has emerged as a key tool in drug discovery (Figure
1.21), either used in combination with or as an alternative to HTS, as
computational tools are usually quicker, cheaper and easier to establish than is
HTS [196].

........................................................................
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Figure 1.21 CADD in drug discovery and development process. CADD is particularly important
at the early stages of drug discovery, namely in lead identification and optimization, aiming the
selection of active and safe drug candidates.

CADD refers to the application of all computer-assisted methods aiming at
the discovery, design and optimization of biologically active molecules [199].
Furthermore, it allows the screening of thousands or millions of small molecules,
most of which do not exist physically, in a process that is termed virtual screening
(VS) [201, 202].

VS is likely the most widely used method among the CADD methodologies. It
consists in the computational screening of large compound databases to identify a
small set of drug-like candidates that display a high probability to bind to a specific
target and to be further evaluated experimentally [199, 201, 203]. The electronic
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libraries used are composed of commercially available compounds or virtual
molecules, the chemical synthesis of which is theoretically achievable [196, 204].
This strategy has become popular in both the pharmaceutical industry and
academia, as it prevents the synthesis of a huge number of inactive compounds
for a specific target, consequently saving money and resources [197].

In addition, CADD promotes the design and optimization of new leads, thus
providing insights into the structure and physicochemical properties of the
molecules, as well as into their absorption, distribution, metabolism, excretion and
pharmacokinetic (ADME/PK) profile, or even their binding affinity to a specific
target. Ultimately, CADD directs the synthesis of new promising compounds
and/or identifies novel targets for well-known and active molecules. [196, 202,
204]. Some approved drugs, such as captopril (angiotensin-converting enzyme
inhibitor) [205], zanamivir (neuraminidase inhibitor) [206], dorzolamide (carbonic
anhydrase inhibitor) [207], saquinavir [208] and tiprinavir (HIV-1 protease
inhibitors) [209], rilpivirine (HIV transcriptase reverse inhibitor) [210], aliskiren
(renin inhibitor) [211] and nilotinib (tyrosine kinase inhibitor) [212] are successful
examples of the implementation of CADD in the drug development pipeline.

Conceptually, CADD methodologies are divided into two approaches,
structure-based and ligand-based drug design.

Structure-based drug design (SBDD) requires the availability of the three-
dimensional (3D) structure of the target, which is generally obtained from
experimental data, such as X-ray crystallography, nuclear magnetic resonance
(NMR) or cryo-electron microscopy (cryo-EM), to discover active and selective
drug candidates based on their predicted interactions with the receptor binding
site. The promising molecules obtained are further evaluated in vitro [197].

Conversely, ligand-based drug design (LBDD) takes advantage of a group
of molecules, for which the activity and potency against a specific target is known.
LBDD generates theoretical predictive models that allow either the structural
optimization of the known ligands to improve their potency, or the identification of
new active scaffolds via VS of different compound libraries [198].

Nevertheless, the two strategies yield interesting results in the drug discovery

pipeline. The combination of SBDD with LBDD has emerged as a promising way
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to overcome the shortcomings of each approach individually, thus converging
efforts in the discovery of novel and promising drugs [198]. A brief description of
SBDD and LBDD, as well as of some of the most widely used methods in CADD,

is presented below and summarized in Figure 1.22.
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Figure 1.22 The most widely used methods in CADD. A structure-based drug design (SBDD) or
a ligand-based drug design (LBDD) can be applied depending on the availability of the 3D structure
of the target (SBDD) or of active ligands (LBDD). Some methods can be used in both approaches,
such as molecular interaction fields (MIFs) and pharmacophore modelling. Molecular dynamics
(MD) is broadly applied as a complement of SBDD, namely to take into consideration target
flexibility.

1.3.1. Structure-based drug design methods

SBDD is usually the CADD approach of choice when valid structural
information of the target is available. In cases in which an experimentally obtained
3D structure is not accessible, receptor structure can be predicted by
implementing distinct computational methods, such as homology modelling [213,
214], threading approaches [215] and ab initio folding [216, 217].

Typically, two main techniques are associated with SBDD, i.e., molecular

docking and de novo design.

1.3.1.1. De novo design

Rather than molecular docking, which will be discussed below, the de novo
approach involves the design and synthesis of novel molecules [197]. In fact, de

novo design approach considers insights from the 3D receptor to generate new
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promising drug-like molecules that can be synthesized. Either linking or growing
algorithms can be applied. The former algorithms involves the combination of
different small fragments or functional groups that bind to the different regions of
the target pocket, whereas growing algorithms pursue an incremental construction
of the ligand, in which a first fragment is docked into the binding site, followed by
the inclusion or removal of others to ultimately design novel potent lead
compounds [200, 218-220].

1.3.1.2. Molecular docking

Molecular docking is likely the most widely used method in SBDD. It requires
the availability of the target structure (usually a protein) and ligand molecules. The
docking process involves a search algorithm, which samples possible ligand
conformations and orientations (poses) into the target binding pocket and a
scoring function that predicts the binding ligand affinity of the docking poses
generated previously by the search algorithm, thus ranking them by a score [197].
Therefore, molecular docking is able to predict the putative binding mode of a
ligand into the target-binding pocket, and to estimate the binding affinity between
the receptor and the ligand, determining which it the most favourable ligand pose
in the receptor-binding site [221, 222]. Despite the steady improvement of
computer performance, searching the conformational space is usually a
demanding and time-consuming process [223]. Consequently, efficient search
methods and trustworthy scoring functions are essential elements of docking
algorithms.

In general, docking algorithms can be divided into three categories,
depending on the search algorithm applied: rigid-body, flexible-ligand and flexible-
ligand and receptor approaches [199, 224].

Rigid-body search algorithms were the earliest applied docking
approaches. They take only into account the geometrical complementarity
between the receptor and the ligand in the docking process. The ligand is
subjected to rotation and translation in order to be docked into the target-binding
pocket, in which the flexibility of the receptor or the ligand is not considered in the

calculation. This is ultimately associated with a lack of accuracy in the docking
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process, despite it being the fastest search algorithm approach available [225]
[226, 227].

On the other hand, the most commonly applied docking approaches, the
flexible-ligand search algorithms, treat the receptor, but not the ligand, as a
rigid-body and take into account the whole conformational space of the ligand in
an attempt to maximise the degrees of freedom of the ligands involved in the
docking calculation. Nevertheless, the absence of target flexibility may be
associated with unsuccessful docking results, especially among some types of
proteins in which receptor conformational changes play a key role in their ligand-
binding mode and, consequently, in their biological activity [228-232]. Thus, the
flexible-ligand and receptor search algorithms, which taking into consideration
the flexibility of both the ligand and the receptor, were developed to better predict
ligand-receptor binding [228].

Different approaches are applied to take into consideration the receptor
flexibility, such as molecular dynamics (MD) [233, 234] and Monte Carlo (MC)
[235] simulations, rotamer libraries [236-239], protein ensemble grids [240, 241]
and soft-receptor modelling [240, 242]. Despite all the efforts spent in the
application of flexible-ligand and receptor search algorithms, the flexible-ligand
algorithms remain the most used in docking calculations, especially in VS studies,
when a huge number of small molecules are tested. Other than the good docking
results afforded by the latter search algorithm, its high costs in terms of time and
computational resources can explain the preference of the flexible-ligand
algorithms [199].

In addition to the search algorithms, scoring functions play an essential role
in the docking process, as they are used to estimate the binding free energy of
small molecules complexed with a specific target and to rank them according to
that. Accuracy in the scoring and ranking of compounds is an essential step in
docking performance. Nevertheless, if thousands of compounds are evaluated, the
comparison of the binding free energy among them may be a very slow process.
As scoring functions are simplified approximated mathematical methods, they are
able to predict the receptor-ligand binding affinity in a very fast way without using

computational resources that are too demanding. Although the number of scoring
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functions has been increasing incredibly in the last years, the choice of a function
that combines good accuracy with speed remains a challenge [198, 199].

According to the literature, four main groups of scoring functions are
available: force field-based, empirical, knowledge-based and consensus-based
scoring functions [197].

Force field-based scoring functions compute the binding affinity derived
from physical atomic contacts between the receptor and the ligand by
implementing classical molecular mechanics [243, 244]. GOLDScore [245]
(employed in the GOLD docking software [246, 247]), DOCK [248] and AutoDOCK
[249] are examples of docking programs that use this type of scoring function, and
the latter two are based on the molecular dynamics AMBER force field [250].

Empirical scoring functions usually use simpler energy terms compared
with force field-based scoring functions. The binding free energy is computed as
the sum of several terms (e.g., hydrogen bonds, hydrophobic interactions), the
weight of which in the function is often obtained by regression analysis. The
parameters used take into account the experimental binding affinity data [251-
253]. Among the many empirical scoring functions available currently, ChemScore
[245, 251] (implemented in the GOLD docking software [246, 247]) and Glide
SP/XP [254] are two popular examples of empirical scoring functions.

Knowledge-based scoring functions use statistical analyses to predict the
occurrence of different interactions among a huge set of receptor-ligand
complexes obtained from experimental structures. Unlike the force field-based and
empirical scoring functions, knowledge-based scoring functions try to describe
experimental structures rather than binding affinities [255, 256]. DrugScore [256,
257] is a well-known example of this type of scoring function.

Consensus-based scoring functions are the latest approach in the
development of accurate scoring functions. They combine different types of
scoring functions in an attempt to overcome the individual drawbacks of each of
the classes of scoring functions [258]. X-CSCORE is an example of a consensus-
based scoring function that incorporates three empirical scoring functions, namely
SCORE, ChemScore and Bohm'’s scoring functions [259].
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Despite all of the efforts aimed at developing more accurate scoring
functions, the approximations applied in molecular docking studies often lead to
inadequate approaches into receptor conformational changes [260]. The main
targets in the drug discovery pipeline, proteins, are dynamic molecules with a
conformation that is often affected by ligand recognition and binding. Moreover,
their biological role is regularly dependent on these changes, as happens in some
enzymatic reactions, in which the enzyme motions are directly involved in the
success of the chemical reaction [261]. Thus, molecular dynamics (MD) has

emerged as a leading method to overcome target flexibility issues.

1.3.1.3. Molecular Dynamics

MD is a computational method that is used extensively to study biological
systems, namely proteins, as it provides insights into their dynamic features at the
atomic level [260]. Through the application of a physics-based energy function
(also called force field) like AMBER [262], CHARMM [263] and GROMOS [264],
this method allows the identification of different relevant conformations
experienced by proteins during different timescales, in agreement with Newton’s
equation of motion. Moreover, MD simulations provide insights into dynamic
molecular interactions of proteins, which could not be achieved via the use of a
single static structure. This can ultimately disclose important information about
both protein function and stability [265]. Due to great advances in computational
resources observed in the last years, MD simulations have been applied to large
systems that include explicit solvent and membrane environments, in an effort to
mimic real biological systems [266]. Furthermore, MD simulations have been
extensively used in drug discovery with different purposes, such as prediction of
target selectivity [267], allosteric regulation [261, 268, 269], flexible docking (using
representative structures that take into consideration the conformal changes in the
protein) [228], development of dynamic structured-based pharmacophores [270-
275], protein homology models refinement [276] and calculation of the free energy
of binding [260, 277].
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1.3.2. Ligand-based drug design methods

LBDD is the approach of choice when protein structure is not available,
either experimentally or computationally. Nevertheless, the application of LDBB
implies the availability of a set of small molecules that are able to bind to the target
under investigation and provide additional insights about the physicochemical and
structural features involved in their target bioactivity [197, 198]. Among the LBDD
techniques, quantitative structure-activity relationship (QSAR), molecular similarity
approaches, and pharmacophore modelling are well-known and widely used
methods [197].

1.3.2.1. Quantitative structure-activity relationship

QSAR studies use statistical models to establish a correlation between the
structural features of a series of compounds and their biological activity against a
specific target. This method assumes that structurally similar compounds likely
have a similar biological function. After the identification of a set of active ligands,
which biological activity against a particular target was experimentally determined,
different molecular descriptors that represent the structural and physicochemical
properties of the molecules are selected. Subsequently, mathematical models that
correlate those descriptors with a specific biological activity are built. Furthermore,
these models are used to predict the activity of new compound analogues that
present some differences in molecular properties [278, 279]. Although classical
QSAR methods are based on 2D descriptors, namely the physicochemical
properties of ligands, more recent approaches have been developed. Specifically,
3D, 4D, 5D and 6D-QSAR have been developed in an attempt to take into
consideration additional features, such as ligand shape (3D-QSAR), ligand
conformation and orientation (4D-QSAR), receptor flexibility and induced-fit effects
(5D-QSAR) or even solvation effects (6D-QSAR) [280]. It is worth mentioning that
the generation of a trustworthy QSAR model implies a minimum set of compounds

(usually 20), with biological activity values that can be compared [281, 282].
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1.3.2.2. Molecular similarity approaches

Molecular similarity approaches are based on the physicochemical and
structural similarity among a set of well-known target binders, aiming at the
identification of novel promising compounds. Generally, the molecular fingerprint
of a set of active molecules for a specific target is used to screen compound
databases, after which novel molecules with similar fingerprint profile are selected
[197, 283].

Unlikely QSAR, these approaches do not take into consideration the
bioactivity data of the molecules against a specific target [197]. Both 2D and 3D

similarity methods can be used in molecular similarity calculations [284].

1.3.2.3. Pharmacophore modelling

Pharmacophore modelling is a widely used method in drug discovery. A
pharmacophore represents a set of steric and electronic features of a molecule
that are ultimately engaged in its recognition and biological activity against a
specific target [285]. In a ligand-based approach, pharmacophore modelling
implies the alignment and superimposition of active ligands that are known to
interact and bind similarly to a particular target, to disclose common molecular
features, which are further used to generate pharmacophore models [197].
Several features are considered in pharmacophore generation, such as hydrogen
bond acceptors (HBA)s, hydrogen bond donors (HBD)s, negative and/or positive
ionizable groups, aromatic rings and hydrophobic regions. Moreover, the 3D
spatial arrangement derived from the superposition of known active molecules is
also taken into consideration during pharmacophore modelling [286, 287]. This is
particularly relevant when the pharmacophore approach is used to identify new
promising molecules, as the pharmacophore models are able to capture not only
the essential chemical features, but also the relative orientation of the newly
discovered compounds [286].

Although they were originally reported as ligand-based methods,
structured-based pharmacophores have also been described. This approach,

which is only applied when the target structure is available, usually provides
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further insights into binding interactions, as well as further information about steric
target requirements. Therefore, a further pharmacophoric feature may be obtained
in structure based-pharmacophore models, excluded volumes spheres. These
represent the steric region at the binding site, in which ligand substituent groups
may not be engaged [287].

A further important point in pharmacophore generation is the conformational
flexibility of both the ligand and the receptor, if available. Generally, low-energy
geometries of active ligands are used to build pharmacophore models in an
attempt to reproduce bioactive conformations [288, 289]. On the other hand, the
tolerance radii of chemical features, as well as the excluded volume spheres,
partially contribute to the introduction of receptor flexibility in pharmacophore
generation [290]. Nonetheless, a major account in protein flexibility was introduced
by dynamic structured-based pharmacophore models. In these cases,
pharmacophore models are built using representative structures obtained from the
MD simulations of a specific target, based on the apo and/or holo forms, in order
to disclose conserved interactions regions, or even those that cannot be occupied
by any active ligand [287]. Thus, a more trustworthy pharmacophore model may
be generated.

Different programs are used in pharmacophore modulation, such as Catalyst
[291], Phase [292] and MOE [293]. Generally, several pharmacophoric hypotheses
are generated and the choice of the best pharmacophore model is often based on
both the sensitivity and specificity of the hypotheses obtained after a screening of
these against an external compound database formed by active and inactive
ligands [198].

As one of the most powerful CADD techniques, the pharmacophore
modelling strategy may be applied in different phases of the drug discovery
pipeline, such as hits identification [294], lead optimization [295] and prediction of
toxicity [296] and side effects [297], or even to disclose ligand activity in silico [298]

and predict drug-drug interactions [299].
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1.3.2.4. Molecular Interaction Fields

Molecular interaction fields (MIFs) calculation is also a well-known method in
CADD that has a broad range of applications in the drug development pipeline.
This tool identifies the favourable energy interaction between a target and a
chemical probe, ultimately predicting the way in which molecules may interact
[300, 301]. The probes used, which can be only an atom or a functional group,
reflect the different chemical properties of the binding partner. In an SBDD
approach, MIFs calculation outlines regions in the binding site where chemical
probes may interact with higher probability, thus directing the design of promising
new ligands. On the other hand, in the absence of the 3D structure of the target
molecule, MIFs can be calculated considering a set of known active ligands that
bind to the receptor in a similar way. In this situation, the energetically favoured
sites obtained represent the positions that may preferably interact with the
receptor [302]. MIFs can be extensively applied in drug discovery, namely in hit
identification and design, lead optimization, ADME/PK and toxicity prediction, as

well as to provide insights into protein-ligand and protein-protein interactions [300].

Several in silico methods have been used in the search for potent and
selective drugs that act on individual targets, and different choices are made
depending on the information available about the structure of the target and/or
active ligands. Nevertheless, the combination of SBDD with LBDD is been actively
pursued to investigate particular target ligands and to propose new selective
drugs. Moreover, some CADD methodologies cannot be included in a specific
group, SBDD or LBDD, such as VS and MIFs calculation.

Molecular docking and pharmacophore-based searching are two examples of
widely used structure-based virtual screening (SBVS) and ligand-based virtual
screening (LBVS) strategies, respectively. The former approach takes into
consideration the receptor structure to rank molecules within a virtual database
according to the prediction of their better fit in the target. On the other hand, the
later strategy uses the pharmacophore queries to screen compound libraries, and
to select new promising molecules, by excluding those that do not fit the queries.

Furthermore, pharmacophore model, as well as other ligand-based similarity
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methods may work as a pre-filter that is able to significantly reduce the size of
compound database to screen, after which SBVS, namely docking calculations,
can be applied with higher probability of success, aiming to find drug-like

molecules for further in vitro evaluation [196, 201].
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2. CHAPTERIII

General objectives

Poly(ADP-ribose)polymerase-1 (PARP-1) plays a key role in DNA-repair
and may contribute to the resistance phenomena to anti-cancer drugs that act as
DNA-damaging drugs and, consequently promote the survival and proliferation of
cancer cells. In line with this, the aim of this thesis is to identify new and selective
PARP-1 inhibitors that can be used as anti-cancer agents.

In order to achieve this main goal, the following general purposes should be
fulfilled:

Performing molecular dynamic (MD) simulations of the PARP-1
catalytic domain

MD studies will be carried out on the PARP-1 catalytic domain, to provide
further insights into the PARP-1 binding site, which can ultimately contribute to the
disclosure of important features involved in ligand binding.

Generation of structure-based pharmacophores of the PARP-1
catalytic domain

Pharmacophore model generation will be performed using the information
retrieved from MD studies, to consider receptor flexibility and to disclose key
features involved in PARP-1 ligand binding.

Pharmacophore-based virtual screening (VS) against different
compound databases

Commercial compound libraries and a database designed by our research
group will be used in pharmacophore-based VS to identify promising PARP-1
inhibitor candidates.

Docking studies of the hits retrieved from pharmacophore-based VS

The hits that fit the best pharmacophoric hypotheses and display drug-like
properties will be subjected to docking calculations.

In vitro evaluation of the most promising hits obtained from molecular

docking
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The top-ranking compounds, with a high predictable binding affinity to the
PARP-1 catalytic domain, will be selected for in vitro assays to confirm the results

obtained from in silico studies.
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3. CHAPTERIII

Design of structure-based pharmacophores for PARP-1 catalytic domain

3.1. OVERVIEW

During the last five decades, poly(ADP-ribose)polymerase-1 (PARP-1) has
been deeply studied as a key effector in different biological processes, namely in
DNA-repair. In an attempt to overcome drug resistance (often associated with the
ability of cancer cells in detecting and repairing DNA lesions triggered by cytotoxic
drugs) and to discover novel treatments to fight cancer, PARP-1 inhibition has
been pursued [178].

The PARP-1 inhibitors approved to date, or currently under clinical
evaluation, are nicotinamide/benzamide derivatives that bind to the nicotinamide-
binding pocket as competitive inhibitors. Nevertheless, none of those molecules is
a specific PARP-1 inhibitor [150]. In fact, as mentioned before, the catalytic
domain of the PARP family displays a high level of homology, mostly due to the
conserved sequence of amino acids shared by PARP members, the PARP
signature motif [95]. Moreover, resistance to PARP-1 inhibitors has emerged as an
obstacle in the clinical application of these agents [156, 303]. Thus, deeper studies
of the PARP-1 recognition features are required to identify novel and more
selective PARP-1 inhibitors.

Computational methods have emerged as a critical tool in drug discovery, as
they disclose essential features in the ligand-receptor binding interactions,
allowing the identification of new druggable binding sites [200, 261]. A broadly
applied method in drug development pipeline is molecular dynamics (MD). MD
simulations have become a crucial tool to overcome a big challenge in the drug
development pipeline, which is the use of a single crystal structure of a target to
predict the putative ligand-binding site, not taking into account the flexibility
engaged in the ligand-binding that can ultimately compromise its biological
function [232]. Moreover, pharmacophore models generation has been amply

applied in drug discovery, namely to screen compound databases in the attempt to

63



Chapter Il

find out new hits, to develop 3D-QSAR models, or even to guide the synthesis of
new drug candidates in the course of the hit-to-lead optimization [304].

At early stages of drug discovery, virtual screening (VS) of large compound
databases has become an useful method to find out new promising ligands, acting
on a specific target, saving time and resources [200]. Both ligand- and structure-
based approaches can be applied to identify promising drug candidates.

In this work, a dynamic receptor-based pharmacophore approach based on
the calculation of molecular interaction fields (MIFs) minima points in the binding
pocket was applied in the attempt to identify novel and selective PARP-1
inhibitors. The conformational flexibility of the unbound PARP-1 catalytic domain
(wild-type and PARP-1 Val101Ala), previously subjected to MD simulations was
considered during the pharmacophore models generation. Subsequently, VS of
different compound databases was performed, and the most promising hits were
subjected to molecular docking. The top-scoring molecules were further evaluated
by using an in vitro PARP-1 inhibition assay.

It is worth mentioning that the combination of different VS tools, such as
pharmacophore queries and molecular docking have been reported in diverse
drug discovery projects, contributing to a better prediction of truly active molecules
for further development [305-307]. In addition to this, the application of MD in the
pharmacophore modelling, considering protein flexibility, has been described as a
way of enhance the likelihood of finding potential leads for different targets [273-
275].

3.2. MATERIALS AND METHODS

3.2.1. Molecular dynamics simulations

Four co-crystal structures of the PARP-1 catalytic domain in complex with
different inhibitors were retrieved from the Protein Data Bank (PDB codes: 2RCW,
3GN7, 3GJW and 3L3L). The structures were processed using the Protein
Preparation Wizard tool in Maestro Suite. Water molecules were removed and
bond orders were assigned. Each ligand-receptor complex (2RCW, 3GN7, 3GJW

and 3L3L), as well as the unbound receptor form of both structures with PDB
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codes 2RCW (wild-type PARP-1 catalytic domain) and 3GN7 (PARP-1 Val101Ala
catalytic domain) was subjected to 20 ns MD simulations in explicit water using the
Amber package. Amber FFO9SB [308] and GAFF [262] were assigned to the
protein and ligands, respectively. TIP3P water model was used to solvate all
systems [309] in a truncated octahedral box. Na* counter ions were added to
neutralize the system net charge, and periodic boundary conditions were applied.
Two minimizations cycles were performed, followed by an equilibration time of 1
ns in NVT (constant volume, constant temperature) conditions, in which protein
and ligand atoms were position restrained with a constant force of 10 kcal/mol, to
allow relaxation of the solvent molecules. Subsequently, a final production phase
of 20 ns was carried out and trajectory snapshots were saved at every 10 ps, for
each system. Langevin method was used in the thermal control of the system to
300 K, and also for achieving a constant pressure at 1 atm. Particle Mesh Ewald
summation method [310] and a cut-off of 10 A, were used to assign Electrostatic
and Lennard-Jones forces, respectively. The SHAKE algorithm [311] was
implemented to constrain bonds that involved hydrogen atoms.

The trajectory analysis was carried out using GROMACS software package
[312]. For each system, a conformational cluster analysis was performed with a
backbone RMSD (root mean square deviation) cut-off of 0.15 nm. Cluster analysis

was performed taking into account all snapshots saved from each MD trajectory.
3.2.2. MIFs calculation and pharmacophore modelling

GRID [301] was applied to calculate MIFs, aiming the detection of
energetically favourable binding interactions in the PARP-1 catalytic domain. Four
GRID cubic cages were applied, two for each representative structure of the most
populated cluster (hereinafter referred to as MD reference snapshot) of both
unbound PARP-1 catalytic domain, the wild-type (retrieved from 2RCW) and
PARP-1 Val101Ala (retrieved from 3GN7). To define the size of the GRID cage,
the most populated clusters of each ligand-bounded system after MD were
inspected.

A first GRID cage was centred at Tyr246, taking into account all residues

that are engaged in conserved binding interactions with the four co-crystallised
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inhibitors, namely Gly202, Ser243 and Tyr246. Additionally, a second GRID cage
was settled in order to consider residues involved in different types of interactions
with binding site, disclosed after MD simulations of four different inhibitors co-
crystallised with PARP-1 catalytic domain.

The MIFs were generated by considering five chemical probes: DRY, O,
N1, O and N*, which describe hydrophobic centres, hydrogen bond acceptors
(HBAs), hydrogen bond donors (HBDs), negative charged and positive charged
centres, respectively.

The MIFs energy minima recorded were combined to generate four
pharmacophore models, one by each GRID cubic cage generated. The selection
of MIFs minima points to be converted into pharmacophoric features took into
account the distance between each minimum point, in order to prevent that
pharmacophoric features only map large molecules from database screening.
Thus, a maximum of 15 A of distance between each minimum was set to select
MIFs minima points for pharmacophore generation. Furthermore, the
determination of energy minima points was based on the proximity of residues with
specific functional groups. This is particularly relevant for minimum points of O and
N1 probes, since those have to be projected towards a specific donor and
acceptor group, respectively, located at hydrogen bond distance.

Accelrys Discovery Studio (DS) was the software used to model
pharmacophoric hypotheses. HBA, HBD, negative ionizable (NI), positive ionizable
(PI), and ring aromatic (RA) features were considered in pharmacophore
modelling. Default location constraints spheres were imposed to each
pharmacophoric feature generated, in order to grant a certain level of tolerance
during VS against compound databases. This is due to the fact GRID minima
points works as the lowest energy representatives of several adjacent points that
translate favourable binding regions rather than fixed isolated spots of favoured

interactions between probes and protein residues.

3.2.3. Database preparation and pharmacophore-based virtual
screening

The National Cancer Institute [313] (NCI2003 3D), DrugBank [314], Asinex

[315] and natural compounds subset from ZINC [316] databases have been
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downloaded, and converted into multiconformer Catalyst databases. The “FAST”
conformational analysis model of the catDB program in DS was used to build all
databases, and a maximum of 255 conformations was set for each compound. An
additional library formed by triterpenes and steroids derivatives, which was
designed by our research group (ST database), was prepared in the same
conditions.

The four pharmacophore models generated were used to screen the five
databases, using Catalyst [291] in DS. A maximum of 300 hits were retrieved for
each database searched. The QikProp module (Schrédinger, LLC, New York, NY,
2012) in Maestro Suite was applied in order to predict ADMET properties of the
molecules retrieved, after which some drug-like filters were applied, such as
Lipinski’s rule of five [289] and a polar surface area (PSA) not greater than 140 A>.
Finally, all selected hits were prepared using the LigPrep module (Schrédinger,
LLC, New York, NY, 2012). The pH was set to 7.4 (physiological pH) and the

lowest energy ring conformation was kept for each molecule.
3.2.4. Docking studies

Molecular docking was carried out using Glide (version 5.8 Schrddinger, LLC,
New York, NY, 2012). Standard precision (SP) mode was employed, using the
OPLS-AA force field [317], and 10 poses per ligand were saved for each docking
run. The protein crystal structures with PDB references 2RCW and 3GN7, as well
as the corresponding MD reference snapshots previously identified were used to
perform docking calculations. All water molecules were removed from both the
structures. A grid was generated, considering all residues located within 6 A of
each inhibitor co-crystallised with PARP-1 catalytic domain after MD simulations,
i.e., 2RCW, 3GN7, 3GJW, and 3L3L. Glu102, Asp105, Asp109, His201, Gly202,
Ser203, Arg204, Arg217, Gly227, Tyr228, Tyr235, Phe236, Lys242, Ser243,
Tyr246, Glu327 residues were included in this selection.

Control docking experiments were carried out using co-crystallised ligands
A620223 and 3GN in the corresponding crystal structures, 2RCW and 3GN7, in
order to validate and optimize docking parameter settings. As the best docking

pose obtained for each co-crystallised ligand reproduce its crystal binding mode,
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docking studies with both protein structures were performed. The selected
compounds that fit pharmacophore models generated from MIFs calculated on MD
reference snapshot of wild-type PARP-1 catalytic domain were docked into that
structure and the corresponding crystal one (2RCW). Similarly, molecules
retrieved from the pharmacophoric hypotheses generated from MD reference
snapshot of PARP-1 Val101Ala catalytic domain were docked into that structure
and the corresponding crystal (3GN7).

After visual inspection of top-scoring molecules in all docking runs, the
promising compounds that were only retrieved from pharmacophore models based
on Val101Ala PARP-1 catalytic domain were re-docked into wild-type PARP-1

catalytic domain (crystal and MD reference snapshot).
3.2.5. PARP-1 enzyme assay

PARP-1 inhibition was evaluated using the HT Universal Colorimetric PARP
Assay kit (Catalog #4677-096-K; Trevigen, Gaithersburg, MD, USA), in
accordance with the instructions provided by the manufacturer. The assay
evaluates the incorporation of biotinylated poly(ADP-ribose) onto histones proteins
in a 96-well plate. In a few words, 10 uL of the test compounds were mixed with 15
ML of PARP-1 enzyme (0.5 U) into rehydrated histone-coated wells for 10 min at
room temperature. Afterwards, 25 yL of PARP cocktail containing biotinylated
NAD, activated DNA, and PARP buffer were added, and the solutions were
incubated again for 60 min. Then, the wells were washed and the detection
reaction was performed in line with the manufacturer’s protocol. The absorbance
was recorded at 450 nm in a synergy HT plate reader. Stock solutions of the all
test molecules were prepared in dimethyl sulfoxide (DMSO) and serially diluted to
the required concentrations with 1X PARP buffer. Parallel experiments were
performed by substituting the test compound with an equivalent volume of DMSO,

in order to evaluate the effect of the vehicle on PARP-1 activity.
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3.3. RESULTS AND DISCUSSION

3.3.1. Characterization of ligand-binding interactions in PARP-1
catalytic domain

PARP-1 catalytic domain co-crystallised with four different inhibitors were
subjected to MD simulations to analyse active site—ligand interactions, and to
identify which residues can be involved in ligand binding [107, 149]. After
analysing the time-dependent distribution of the interactions between functional
groups of the four ligands and PARP-1 binding pocket during MD simulations, it
was observed that the interactions displayed in the crystal structures were
consistent in all the four complexes studied. Specifically, three stable hydrogen
bonds could be identified: two between the amide backbone of Gly202 and the
amide moiety of the inhibitors and one between the Ser243 hydroxyl and the
carbonyl group of inhibitors were established. Moreover, the well-known T—T
stacking interaction between Tyr246 and the aromatic core of the inhibitors was
also consistent throughout the MD simulations. Furthermore, additional
interactions established between each inhibitor co-crystallised with PARP-1
catalytic domain could be identified in the MD simulations (shown in Figure 3.1).

Despite valines are not included in the set of residues involved in conserved
interactions, Val101, located on the outskirts of the binding site, is involved in
hydrophobic interactions with co-crystallised ligand (A620223) in the structure with
PDB code 2RCW. These observations were revealed in the MD simulation (Figure
3.1A). The same was not observed for the other three ligand-bound systems
(3GN7, 3GJW, and 3L3L) with Val101Ala mutations. In line with this, calculation of
MIFs by using each MD reference snapshot of both wild-type and PARP-1
Val101Ala catalytic domain was settle, in order to understand the influence of that
common single-nucleotide polymorphism (SNP) of PARP-1, which has been

implicated in the reduction of PARP-1 catalytic activity [251].
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Figure 3.1 Representation of the main interactions established for each co-crystallised
ligand with PARP-1 catalytic domain along MD run. A) 2RCW. B) 3L3L. C) 3GN7. D) 3GJW.
Dashed lines represent interactions between binding site residues and bound ligands. Green colour
represents hydrogen bond interactions; Orange indicates m—cation interactions; yellow represents
amide—T interactions; pink denotes 17—11 stacked; light pink denotes hydrophobic interactions (alkyl
and t—alkyl); brown indicates charge-charge interactions. This figure was created using Discovery
Studio Visualizer 16.1.0.

3.3.2. Molecular interaction fields calculation and receptor-based
pharmacophore models generation

As long as all PARP-1 inhibitors approved to date display a nicotinamide-

like pharmacophore, lacking of target specificity, especially among other PARP
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members, a dynamic structure-based pharmacophore approach was applied, in
order to identify novel and selective PARP-1 inhibitors. In line with this strategy,
MIFs between different chemical probes and PARP-1 catalytic domain, previously
subjected to MD simulations, were computed to predict favourable regions for
ligand binding. Four different 3D grids were used to explore PARP-1 binding site,
two for each MD reference snapshot of PARP-1 catalytic domain (wild-type and
Val101Ala polymorphism form). The use of the unbound PARP-1 catalytic domain
after MD simulations in the MIFs calculation and pharmacophore generation was
established to better understand the PARP-1 catalytic domain flexibility, namely its
conformational changes in the absence of any inhibitor, and its effect on the ligand
binding. Moreover, two different 3D GRID cages for the MD reference snapshot of
each PARP-1 catalytic domain studied (wild-type and Val101Ala mutant) are
settled to compute MIFs, in order to consider all residues displayed in the binding
pocket able to be engaged in important interactions with ligands, without extend
the MIFs calculation to those ones that likely did not interfere in the ligand binding.
The first one (Figure 3.2 A 1 and 3) was centred on Tyr246 and considered all
residues involved in conserved interactions with PARP-1 inhibitors, namely
Gly202, Ser243 and Tyr246 [149]. The second GRID cage (Figure 3.2 A 2 and 4)
was defined to consider the involvement of residues engaging additional
interactions with PARP-1 inhibitors in the MD simulations with different co-
crystallised ligands. Glu102 and Asp105, two of the few residues that are specific
to PARP-1 (among its closest relatives) [149] seemed to be involved in specific
interactions with ligands, a fact that can be relevant in the discovery and
development of new selective PARP-1 inhibitors. Moreover, these residues are
structurally placed at the periphery of NAD+ recognition site, which are also
reported as less conserved among PARP family. One should highlight D-loop
residues (like Tyr228) that lines the donor site and, to a certain extent, the
acceptor site and shows structural variability among ARTDs [95, 149, 161, 318]
(Figure 3.3).
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Figure 3.2 Pharmacophore models generated from MIFs calculation. A) Representation of
GRID MIFs minima points calculated into MD reference snapshot of PARP-1 catalytic domain
(wild-type (1 and 2) and PARP-1 Val101Ala (3 and 4)). N1 (magenta), O (green), DRY (yellow), N+
(red), O- (blue) probes are displayed. B) Representation of the pharmacophore models generated
from MIFs energy minima recorded by each GRID cubic cage. Green colour indicates hydrogen
bond acceptor (HBA); magenta denotes to hydrogen bond donor (HBD); yellow indicates ring
aromatic (RA); red denotes to positive ionizable (Pl) centre; and blue indicates negative ionizable
(NI) centre. In both MIF_Pharma1 and MIF_Pharma4, HBA and NI points were superimposed. This
figure was created using the program VMD [319].
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E327

M229

Figure 3.3 PARP-1 binding pocket. Nicotinamide and adenine-ribose binding residues are
displayed in red and orange, respectively. Black is used to point out residues that lie in phosphate
binding site. Violet indicates some important D-loop residues (215-233). This figure was created
using Discovery Studio Visualizer 16.1.0.

The MIFs local energy minima retrieved from each probe (DRY, O, N1, O
and N*) were converted into pharmacophoric features, as they represent the
points with the lowest interaction energy, and thus the locations at which the
interaction between each probe and receptor are most favourable. Although five
probes were used to explore the binding site, only the points of minimum of MIFs
that correspond to four probes were retrieved for each pharmacophore model
generated. This selection was based on the location of the MIFs minima points
obtained for each probe and the distance among them, in order to choose the
minima points placed in the regions of favourable interaction with important
binding site residues, and to prevent the presence of probes too distant from each
other. This was settled to prevent the mapping of only large molecules by the

pharmacophoric features originated from those MIFs points.
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Four pharmacophore models were generated, one by each MIFs local
energy minima groups selected from each 3D GRID cage settled (Figure 3.2 B).

MIF_Pharma1 was the pharmacophore model based on the GRID minima
points calculated for the MD reference snapshot of wild-type PARP-1 catalytic
domain, which GRID cage was centred on the Tyr246. The four points of minimum
were converted into four pharmacophoric features, which include an HBA pointed
to the Ser203 hydroxyl, an HBD directed to the Lys242 (oxygen atom of the
backbone carbonyl group), a NI pointed towards the Arg204, and an RA directed
to the Tyr246.

MIF_Pharma2 was derived from minimum energy points of calculated
MIFs in MD reference snapshot wild-type PARP-1 catalytic domain, in which the
GRID cage was settled to consider residues involved in additional interactions
(besides those ones retrieved from crystal structures) with the binding site. Four
pharmacophoric features were recorded for this pharmacophore model, i.e., an
HBA directed to the Ser203 hydroxyl, an HBD pointed towards the Arg217 (oxygen
atom of the backbone carbonyl group), a NI also pointed to the Arg217
(guanidinium group), and a RA directed to the Tyr235.

MIF_Pharma3 and MIF_Pharma4 were designed following the same
principle of MIF_Pharma1 and MIF_Pharma2, respectively, but using PARP-1
Val101Ala mutant instead of the wild-type PARP-1 catalytic domain.
MIF_Pharma3 displayed four pharmacophoric features, including an HBA, an
HBD, a PI, and a RA. The projection points of the HBA and HDB, both recorded at
the same GRID minima point, were directed to the Ser243 hydroxyl and the
oxygen atom of the backbone carbonyl group of the Gly202, respectively. The PI
was pointed to the Asp 105, and the RA was directed to the Tyr228. Finally,
MIF_Pharma4 exhibited four functional features: an HBA and a NI pointed to the
guanidinium group of the Arg217, an HDB, which projection was directed to the
oxygen atom of the backbone carbonyl group of the Gly233, and a RA pointed
towards theTyr228.

Interestingly, the analysis of the four pharmacophore models generated
highlighted that three of the four pharmacophores displayed features pointing to

the residues with lower identity among the PARP-1 catalytic domain. In fact, the
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HBAs in MIF_Pharma1 and MIF_Pharma2, as well as the Pl in MIF_Pharma3
were directed to the Ser203 and the Asp105, respectively, both selective residues
of PARP-1, which are among the few differences between PARP-1 and its closest
PARRP relatives in the donor site of PARP-1 catalytic domain [149]. This fact may
be important for the disclosure of selective PARP-1 inhibitors. Moreover, most
pharmacophoric hypotheses (MIF_Pharma2, MIF_Pharma3, and MIF_Pharma4)
displayed at the least a functional feature pointed towards D-loop residues (215-
233), which can also contribute to the discovery of new selective PARP-1, since D-

loop exhibits an important variability among PARP family, as mentioned above.
3.3.3. Pharmacophore-based virtual screening and docking studies

The four pharmacophore models generated were used to screen the four
commercial databases (NCI2003 3D, DrugBank, Asinex and natural compounds
subset from ZINC database), and a total of 2449 molecules were selected. Among
these compounds, only 266 were able to successfully pass the pre-defined drug-
like filters, being afterwards used in the docking calculations.

The ST database was also subjected to pharmacophore-based VS, but no
hits were retrieved for any pharmacophore model. An explanation for these results
might be the presence of a NI (MIF_Pharma1, MIF_Pharma2 and MIF_Pharma4)
or Pl (MIF_Pharma3) pharmacophoric feature in all pharmacophores hypotheses.
Since most of the compounds that are included in the ST database are not
charged at pH 7.4, they were not able to map all pharmacophore features. Thus,
all pharmacophore models were simplified, by removing the PI/NI feature. A new
pharmacophore-based VS against ST database retrieved 74 hits.

Altogether, 340 hits were subjected to molecular docking using Glide SP-
mode. The hits retrieved from the screening against MIF_Pharma1 and/or
MIF_Pharma2 were docked into the wild-type PARP-1 catalytic domain (MD
reference snapshot and crystal structure). On the other hand, hits resulting from
pharmacophore-based VS using MIF_Pharma3 and/or MIF_Pharma4 were
docked into PARP-1 Val101Ala catalytic domain (MD reference snapshot and

crystal structure). Crystal structures were used for docking calculations in order to
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evaluate the effect of target flexibility in the binding mode and the binding affinity of

selected hits (Figure 3.4).

Figure 3.4 Superposition of crystal structure and MD reference snapshot of wild-type A) and
PARP-1 Val101Ala B) catalytic domain. Blue and red represents the crystal structures (2RCW
and 3GN7, respectively); yellow and orange indicate the MD reference snapshot of wild-type and
PARP-1 Val101Ala catalytic domain. This figure was created using Discovery Studio Visualizer
16.1.0.

Moreover, the compounds that were only retrieved by MIF_Pharma3 and
MIF_Pharma4 were subjected to molecular docking into MD reference snapshot
of PARP-1 wild-type catalytic domain (and corresponding crystal structure) to
evaluate the influence of Val101Ala mutation in their binding affinity with the
PARP-1 binding site.

The top-scoring docked compounds for each docking calculation were
subjected to careful visual inspection and seven (five from commercial databases
and two from ST database), which are common among the top-ranking
compounds for all docking runs, were selected for in vitro evaluation. This
selection took into account molecules that are able to establish key interactions
with the binding site, not only with highly conserved pocket residues (e.g., Gly202,
Ser243 and Tyr246), but also with those ones displayed in the outer edges of the
nicotinamide-binding pocket, which are less conserved (e.g., Glu102, Asp105 and
D-loop residues (215-233)). The structural diversity was considered in the choice

of potential hits, particularly in the molecules obtained from commercial databases.
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The set of seven compounds selected was shortened to four molecules
(Figure 3.5), as three of them were not acquired due to commercial availability
limitations. The main interactions established between the four molecules, which
effectively proceed to in vitro PARP-1 evaluation, with the MD reference snapshot
of PARP-1 catalytic domain were displayed in Figure 3.6. As shown, all
compounds were involved in different types of interactions with the PARP-1
binding site. Among the residues able to interact with the selected compounds,
Glu102 and Asp105 (two non-conserved residues among PARP family) were
particularly relevant, since they were involved in different types of interactions with
all selected compounds. Additionally, the four molecules were able to interact with
at least one D-loop residue, such as Arg217 (3.1, 3.3, and 3.4) and Tyr228 (3.2,
3.3, and 3.4).

A
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Figure 3.5 The top-scoring compounds selected from docking studies for further PARP-1 in
vitro evaluation. A) The four compounds that were effectively evaluated. B) The three molecules
discarded because of commercial availability issues.
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Figure 3.6 Binding mode of the selected hits into MD reference snapshot of PARP-1
Val101Ala (A and B) and wild-type (C and D) PARP-1 catalytic domain. A) 3.1. B) 3.2. C) 3.3.
D) 3.4. Dashed lines represent interactions between binding site residues and bound ligands.
Green colour represents hydrogen bond interactions; Orange indicates Tm—cation interactions; blue
denotes 1m—anion interactions pink denotes 1T—1 stacked; yellow represents amide— interactions;
light pink denotes hydrophobic interactions (alkyl and tr—alkyl); brown indicates charge-charge
interactions. This figure was created using Discovery Studio Visualizer 16.1.0.

Concerning the impact of PARP-1 catalytic domain flexibility in the binding
mode and binding affinity of the top retrieved hits, different results were obtained
among the best ranking molecules (Table 3.1).

The compounds 3.1 and 3.2, which were both retrieved from the screening
against MIF_Pharma3, were first docked into crystal and MD reference snapshot

of PARP-1 Val101Ala, with compound 3.1 showing similar binding affinities for
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both crystal structure and MD reference snapshot. Conversely, compound 3.2

exhibits a slight better affinity to the crystal structure.

Table 3.1 Docking score data and PARP-1 inhibition activity for the hits studied. °) PARP-1
inhibition was determined using HT Universal Colorimetric PARP Assay Kit (Cat #4677-096-k).

Docking score
(Glide SP-mode)

Compound _PA_RI_’_-1"
code PARP-1 PARP-1 PARP-1 PARP-1 i btion
; - ; - - - (%, 100 pM)
wild-type wild-type Val101Ala Val101Ala
crystal MD crystal MD
3.1 -6.911 -9.634 -7.304 -7.358 12.68
3.2 -7.805 -7.838 -7.007 -6.025 17.30
3.3 -9.052 -7.093 - - 16.80
3.4 -8.661 -7.092 - - 19.64
3.8 -7.452 - - - 28.48
3.9 -7.747 - - - 31.87

Interestingly, when docked into the wild-type PARP-1 catalytic domain,
compound 3.1 showed a higher binding affinity to the MD reference snapshot
when compared with the crystal structure.

Conversely, compounds 3.3 and 3.4 displayed a higher binding affinity
when docked into the crystal structure of the wild-type PARP-1 catalytic domain, in
comparison with MD reference snapshot. This is translated into a different binding
mode of these molecules within the crystal structure or MD reference snapshot of
wild-type PARP-1 catalytic domain. The two hits shared the same binding mode
for the same target structure (crystal or MD reference snapshot) that suggests
small protein conformational motions during MD, which were especially observed
in D-loop residues, affects the binding mode of these molecules (Figure 3.4 and
3.7).
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Figure 3.7 Binding mode of 3.3 and 3.4 into crystal structure A) and MD reference snhapshot
B) of wildtype PARP-1 catalytic domain. This figure was created using Discovery Studio
Visualizer 16.1.0.

It is also worth mentioning that compounds 3.1 and 3.2, both resulting from
the screening against MIF_Pharma3 and designed from MD reference snapshot
PARP-1 Val101Ala catalytic domain, displayed strong binding affinities not only for
PARP-1 Val101Ala, but also for wild-type PARP-1 catalytic domain. Although an
aromatic group of compound 3.1 establish an tm—alkyl and an amide—r interaction
with Ala101 (Figure 3.6A), this did not seem essential for a strong binding affinity,
since that molecule displayed higher docking score values when docked into MD
reference snapshot of wild-type PARP-1 catalytic domain, when compared with
PARP-1 Val101Ala (Table 3.1). In fact, the highest binding affinities for
compounds 3.1 and 3.2 were obtained when these molecules were docked into
MD reference snapshot of wild-type PARP-1 catalytic domain.

Taken together, deeper studies should be carried out in order to better

understand the influence of Val101Ala mutation in PARP-1 activity.
3.3.4. PARP-1 inhibitory activity

In order to evaluate the ability of the four promising hits to inhibit PARP-1,
the HT Universal Colorimetric PARP Assay was used. Two molecules chosen from
commercial databases (3.1 and 3.2), as well as two cholic acid derivatives (3.3
and 3.4), which were obtained by chemical synthesis according to the literature
[320], were screened at 100 pM. A maximum of 19.6% of PARP-1 inhibition
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activity was retrieved for compound 3.4 (Table 3.1). Because of the lack of strong
inhibitory activity against PARP-1, ICs values were not determined.

In another attempt to identify new promising PARP-1 inhibitor candidates, a
new docking run with all compounds from the ST database and PARP-1 catalytic
domain were conducted. Two compounds, 3.8 and 3.9 (Figure 3.8), were selected
to evaluate PARP-1 inhibitory activity. Despite not fitting any of the
pharmacophore models, these compounds showed promising docking results into
wild-type PARP-1 catalytic domain (as shown in Table 3.1), interacting with key
binding site residues, such as the Gly202 (3.8) and the Tyr246 (3.8 and 3.9).
Interestingly, these molecules are betulinic acid derivatives. Since betulinic acid is
a Pol B inhibitor [11], a key protein involved in BER, alongside PARP-1, their
putative PARP-1 inhibitory activity could be an interesting achievement in the
search for BER inhibitors. Nevertheless, the most promising PARP-1 inhibition
activity was shown by 3.9, which only inhibited 32% of PARP-1 activity at 100 pM.

CHO

3.9

Figure 3.8 Betulinic acid derivatives selected from ST database for in vitro studies against
PARP-1 due to their promising docking results.

After a deep analysis of all methodologies applied in the attempt to discover
new PARP-1 inhibitors, some reasons may be pointed out to explain the
unsuccessful results obtained. First of all, the use of a single structure resulting
from MD simulations to design each pharmacophore model may not translate all
the key binding site features. Although MD is essential to take into account the
receptor flexibility and to better characterize the binding interface between PARP-1
and different ligands, an adequate sampling of conformational states usually
involves a higher timescale MD run simulations, in the microsecond range [321].

This is particularly important in the presence of loops that display a relevant role in
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the enzyme activity, since they are one of the most flexible parts of an enzyme
[322]. Considering that three of the four pharmacophore models (MIF_Pharmaz2,
MIF_Pharma3, and MIF_Pharmad4) displayed at least a feature directed to the D-
loop residues, and only the representative structure of the main cluster of
uncomplexed PARP-1 catalytic domain (MD reference snapshot of wild-type and
PARP-1 Val101Ala catalytic domain), subjected to 20 ns MD simulations, was
considered in the pharmacophore modelling, an increased simulation time running
and/or the use of representative structures of the clusters that include almost all of
the conformation sampling, should be considered.

On the other hand, the use of only the minima points of favourable
interactions with the PARP-1 catalytic domain to model pharmacophoric
hypotheses, without considering the shape and steric hindrance of the binding site
may have also contributed to a higher number of false positives, and compounds
with low inhibition, as those ones evaluated. Thus, the application of excluded
volume spheres in the pharmacophore models generation could have overcome
this issue, since they represent steric regions of binding site where the presence of
ligand substituent groups is not allowed, being directly associated with a lower
number of hits and false positives in the VS pipeline [323].

A further point to be taken into consideration is the molecular docking
strategy applied. Even though docking calculations are performed in order to
reproduce experimental binding affinities, the scoring functions used in these
calculations are often not able to correctly predict them. This is the reason why
docking is used to hit identification rather than lead optimization, since it is unable
to accurately discriminate between true potent and weakly active molecules [324].
This might explain the weak PARP-1 inhibitory activity displayed by all compounds
under investigation, despite their promising docking results. Nevertheless, the
rescoring of the putative best poses identified by an initial docking run was
reported as a way to improve the correctly distinction of true potential and weakly
active compounds [324]. Thus, the rescoring of the top-scoring poses for the best
ranked compounds may have led to a more accurate hit selection, which could

lead to the identification of truly potent PARP-1 inhibitor candidates.
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It is also worth noting that the high flexibility showed by the lateral chain of
cholic acid derivatives 3.3, and 3.4 might have contributed to an overestimated
binding affinity prediction, which resulted in a weak PARP-1 inhibitory activity

showed by these molecules.

3.4. CONCLUSIONS AND FURTHER DEVELOPMENTS

A receptor-based pharmacophore approach was applied in an attempt to
find out novel and selective PARP-1 inhibitors. MIFs calculated on the PARP-1
catalytic domain (wild-type and Val101Ala) subject to MD simulations were used
for the pharmacophore modelling.

After VS calculations using structure-based pharmacophore models,
docking studies with the top-scoring compounds were performed. Even though
promising binding affinities were shown by the selected molecules, none of them
revealed a promising PARP-1 inhibitory activity.

Nonetheless, some limitations of the methodology used were pointed out in
order to develop a new approach, able to conveniently identify promising PARP-1

inhibitor candidates.
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Highlights

¢ A dynamic structure-based strategy was applied to discover novel PARP-1 inhibitors.

e Three novel PARP-1 inhibitor scaffolds were disclosed, NSC131753, NSC86342, and
NSC121848.

e NSC131753 was the most active PARP-1 inhibitor.
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4. CHAPTER IV

Novel PARP-1 inhibitor scaffolds disclosed by a dynamic structure-based

pharmacophore approach
4.1. OVERVIEW

The development of poly(ADP-ribose)polymerase-1 (PARP-1) inhibitors as
a therapy for several pathologies has been pursued, with special relevance in
cancer and ischemic diseases [254]. The by-product of NAD+ cleavage,
nicotinamide, has been used as the structural basis for the discovery of PARP-1
inhibitors. A large number of nicotinamide/benzamide derivatives have been
studied, and some compounds have entered clinical trials as chemopotentiators in
combination with anti-cancer drugs, as well as stand-alone agents in tumours with
BRCA1/2 mutations, taking advantage of synthetic lethality [89, 238, 255, 256].
The drug candidate olaparib 1.1 (Lynparza™) was recently approved as the first
PARP-1/2 inhibitor to treat advanced ovarian cancer in women with defects in the
BRCA1/2 genes, who were previously treated with three or more
chemotherapeutic lines [257]. Nevertheless, a polypharmacological profile has
been assigned to PARP-1 drug candidates. The inhibition of other PARP isoforms,
or even the interaction with other inter-family targets, was noted for several
inhibitors in clinical trials [13, 254]. Moreover, olaparib 1.1 was reported to act as a
substrate of the p-glycoprotein (P-gp) efflux pump, one of the mechanisms that are
associated with resistance to PARP inhibitors [238, 258]. Clearly, more in-depth
studies of the determinants of the PARP-1 recognition features are needed to
develop novel and more selective PARP-1 inhibitors.

Computational methods have emerged as an important tool in drug
discovery, as they disclose key features in the ligand-receptor binding interactions
and allow the screening of large compound libraries, thus saving time and
resources [195]. Moreover, molecular dynamics (MD) simulations have become an
important method to solve one of the biggest challenges in drug discovery, i.e., the
use of a single crystal structure of a protein to predict the putative ligand-binding

site, not considering the target plasticity that is involved in ligand binding [141].
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Different studies have combined MD with pharmacophore modelling, taking
advantage of receptor flexibility to build structured-based pharmacophore models.
In general, a wide array of drug discovery examples based on this approach have
shown that they provide a better prediction of truly active compounds compared
with inactive ones and are able to find potential leads for different targets under
investigation [10, 228, 246, 259-261] .

In this work, a dynamic structure-based pharmacophore methodology was
pursued to identify new scaffolds with PARP-1 inhibitory activity. A virtual
screening of the available compounds databases was performed using the
pharmacophore models generated, and the top-scoring compounds identified by
molecular docking studies were validated through an in vitro PARP-1 inhibition

assay.

4.2. MATERIALS AND METHODS

4.2.1. MD simulations

Four inhibitors that bound to the PARP-1 catalytic domain were retrieved
from the Protein Data Bank (PDB codes: 2RCW, 3GN7, 3GJW, 3L3L). Crystal
structures were processed using the Protein Preparation Wizard tool in Maestro
Suite (Release 2013-1-9.4, Schrodinger, LLC, New York, NY, 2013). Water
molecules were removed and bond orders were assigned.

For each ligand-bound system, MD simulations in explicit water were
performed using the Amber package, v12. Amber FF99SB [62] and Generalized
Amber Force Field (GAFF) [48] were assigned to the protein and ligands,
respectively. Systems were solvated with TIP3P water molecules [22] in a
truncated octahedral box, counter ions were added to neutralize the system net
charge, and the periodic boundary conditions were applied. The final systems
were composed of ~ 33400 atoms.

After minimizations, systems were submitted to an equilibration phase for 1
ns in NVT conditions, in which protein and ligand atoms were position restrained
with a constant force of 10 kcal/mol, to allow relaxation of the solvent molecules. A

final production phase of 20 ns was performed and trajectory snapshots were
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saved at every 10 ps, for each system. The Langevin temperature equilibration
scheme was used to keep the temperature constant (300 K), and a constant
pressure periodic boundary was applied (1 atm). Electrostatic and Lennard-Jones
forces were assessed using the Particle Mesh Ewald summation method [42] and
a cut-off of 10 A, respectively. The SHAKE algorithm [311] was applied to
constrain bonds that involved hydrogen atoms.

GROMACS [262] was used to perform the trajectory analysis. For each
system, a conformational cluster analysis was carried out using a cut-off of 0.06-
0.07 nm RMSD (root mean square deviation) between the backbone superposition
of different structures. All snapshots saved from each MD trajectory were
extracted and used to perform cluster analysis. To characterize the dynamics
features of active site—ligand interactions in the PARP-1 catalytic domain, only the
residues that were set to 5 A around the inhibitor were taken into account in the

cluster analysis.
4.2.2. Structure-based pharmacophore modelling and validation

Four different pharmacophore models were built based on the protein-
ligand interactions observed after MD simulations. For each ligand-bound system,
the clusters that represented more than 80% of the protein structural variability for
each simulated system were selected to generate structure-based
pharmacophores, using The Receptor-Ligand Pharmacophore Generation protocol
of Accelrys Discovery Studio (DS), Accelrys, San Diego, USA. This protocol uses
receptor-ligand interactions to create selective pharmacophore models. Hydrogen
bond acceptor (HBA), hydrogen bond donor (HBD), hydrophobic (HY), negative
ionizable (NI), positive ionizable (PI), and ring aromatic (RA) features, as well as
the excluded volume spheres set to 5 A around the inhibitor, were considered in
the generation of the pharmacophore models. The hypotheses created were
validated by a set of known PARP-1 ligands and decoys obtained from Database
Useful Decoys Enhanced (DUD_E) — http://dude.docking.org/, using the validation
option incorporated in the protocol. For each cluster, the hypotheses were ranked
based on specificity and sensitivity, and the one that presented the best accuracy

was chosen.
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The best hypotheses that were retained for each cluster of a specified
complex were superimposed, and the average coordinate point for each feature,
including the excluded volumes spheres, was determined.

Four final pharmacophore models were created, one for each complex. As
a final validation, the pharmacophore models were screened against the PARP-1
actives and decoys, to evaluate how well they discriminate active molecules from
inactive ones. Moreover, the presence of chemical features that were essential for
the interaction with key residues in the PARP-1 catalytic domain was taken into

account in the validation of the pharmacophore models.

4.2.3. Database preparation and pharmacophore-based virtual

screening
The National Cancer Institute (NCI) [313] -
https://cactus.nci.nih.gov/download/nci/ and DrugBank [314]

(http://lwww.drugbank.ca/) databases were downloaded. PARP-1 ligands and
decoys were downloaded from the DUD_E database [325]. Seven hundred and
forty-two actives (affinity <1 uM) and 30403 decoys (affinity 230 uM) were divided
and converted into two databases, DUD_PARP1_ligands and
DUD_PARP1_decoys, respectively. The “FAST” conformational analysis model of
the catDB program was used to build the four databases, and a maximum of 255
conformations were generated for each molecule.

The four pharmacophore models obtained were used to screen the NCI and
DrugBank databases using the “fast flexible database search” settings of Catalyst
[291], to search for novel structural scaffolds with an ability to inhibit PARP-1.

The retrieved hits were subjected to different drug-like filters. Lipinski’s rule
of five [263] and the modified Veber rule [17] (not more than 7 routable bonds)

were applied. A maximum polar surface area was set to 140.
4.2.4. Docking Studies

The docking studies were performed using Glide (version 5.8). Standard
precision (SP) and extra precision (XP) modes were applied, using the OPLS-AA
force field [26].

92



Chapter IV

The protein retrieved from the crystal structure of A620223 binding to
PARP-1 (PDB code: 2RCW) was used to define the binding site. The Preparation
Wizard tool was applied and all water molecules were removed from the crystal. A
15x15%15 A receptor grid centred on the co-crystallised ligand was generated.

The final selected hits, as well as a set of know PARP-1 inhibitors
(downloaded from BindingDB database (http://www.bindingdb.org)), were
prepared using the LigPrep module (Schrodinger, LLC, New York, NY, 2013). The
pH was set to 7.4 and a maximum of 5 sterecisomers per ligand were generated.
The lowest energy ring conformation was kept for each stereoisomer.

An initial docking was performed using the SP-mode and 25 poses were
kept for each molecule. A cut-off based on the docking score of reference PARP-1
inhibitors was used, and ligands with the highest score were subjected to XP

docking.
4.2.5. PARP-1 enzyme assay

PARP-1 inhibition was evaluated using the HT Universal Colorimetric PARP
Assay kit (Catalog #4677-096-K; Trevigen, Gaithersburg, MD, USA), in line with
the instructions provided by the manufacturer. The assay evaluates the
incorporation of biotinylated poly(ADP-ribose) onto histones proteins in a 96-well
plate. Briefly, 10 yL of the test compounds were mixed with 15 uL of PARP-1
enzyme (0.5 U) into rehydrated histone-coated wells for 10 min at room
temperature. Subsequently, 25 uL of PARP cocktail containing biotinylated NAD,
activated DNA, and PARP buffer were added, and the solutions were incubated
again for 60 min. After washing the wells, the detection reaction was performed
according to the manufacturer’s protocol and absorbance was recorded at 450nm
in a synergy HT plate reader. Stock solutions of the test compounds were
prepared in DMSO and serially diluted to the required concentrations with 1x
PARP buffer. To assess the effect of the vehicle on enzyme activity, parallel
experiments were performed by substituting the test compound with an equivalent
volume of DMSO. ICsy values for the most promising hits were determined by
plotting the inhibition data of each compound at different concentrations against

the log of the concentration of the inhibitor, using the GraphPad Prism software,
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version 5. At least six different concentrations of the test compounds were used.
A minimum of three independent assays were performed for each sample, and the

results are displayed as mean + standard error of the mean (SEM).
4.2.6. Nuclear Magnetic Resonance studies

1D and 2D nuclear magnetic resonance (NMR) structure elucidation of the
NSC86342, NSC121848, and NSC131753 compounds was obtained using a
Brucker Digital NMR-Avance 400 spectrometer, with CD3;OD as the internal

standard.
4.2.7. NSC131753 MD simulations

MD simulations were performed using (R)-NSC131753 and (S)-NSC131753
complexed with the PARP-1 catalytic domain, using top XP Glide poses as input
structures. The MD simulations were performed according to the protocol
described above for the four complexes taken from PDB, with equilibration and
production phases of 50 ps and 100 ns, respectively. Three replicas (100 ns) were
run for each system with different initial velocities, to increase sampling.

MD trajectory analysis was performed using the GROMACS package.
4.3. RESULTS AND DISCUSSION

4.3.1. Structural and dynamic characterization of different complexes
with known inhibitors.

In this work, MD simulations with different known small-molecule inhibitors
were carried out to characterize the dynamic features of active site-ligand
interactions in the PARP-1 catalytic domain. In this context, the aim of MD
simulations was not the full sampling of the events underlying complex formation
or the exploration of ligand induced conformational changes, which can be
considered as being absent, given the high global similarity of the starting crystal
structures, with a maximum RMSD (as calculated on protein backbone atoms) of
0.62 A (Figure 4.1). Rather, a comparative analysis of the trajectories from the

different complexes was used to identify the salient features of the dynamic
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adaptation of PARP-1 to diverse active site inhibitors. Our general goal was to
characterize the cross-talk between the ligands and the protein and highlight the
binding interactions that were consistently preserved in multiple configurations, in
addition to the ones that were immediately evident from crystal structures. Those
conserved binding interactions were then used to develop dynamic
pharmacophore models aimed at expanding the chemical diversity space of
PARP-1 inhibitors.

Figure 4.1 Superposition of the starting crystal structures of 2RCW, 3L3L, 3GN7 and 3GJW.
This figure was created using Discovery Studio Visualizer 16.1.0.

The analysis of the main clusters revealed that the key interactions that
were present in the co-crystal structures of PARP-1 with four different inhibitors
were conserved. Such interactions consisted of three stable hydrogen bonds: two
between the amide backbone of Gly202 and the amide moiety of the inhibitors and
one between the OH group of Ser243 and the carbonyl group of inhibitors, as
presented in Table 4.1A, as well as a 7—11 stacking interaction involving Tyr246
and the aromatic core of the ligands. Furthermore, MD simulations showed that

the tyrosine residues present in the binding site were involved in different T—
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interactions. To define the importance of the tyrosine residues, the contacts
between Tyr228, Tyr235, and Tyr246 and the ligands were monitored during 20 ns
MD run (Figure 4.2). Depending on the bound inhibitors, different tyrosine
residues were engaged. Tyr228 appeared to be essential for the t—cation
interaction with the protonated amine moiety of the 2RCW and 3L3L ligands, with
occupancy of 99% and 100%, respectively, during MD trajectories. For the 3GN7
inhibitor, both Tyr228 and Tyr246 were implicated in this type of interactions, with
occupancy of 65.45% and 47.50%, respectively. Moreover, Tyr235 and Phe236
were involved in amide—TT interactions with the phenyl rings of the 2RCW, 3GN7,
and 3GJW ligands. In addition, Ala237 and the alkyl side chain of Lys242
participated in hydrophobic interactions with the phenyl ring of each inhibitor along
the MD trajectory for all ligand-bound systems analysed (Table 4.1B). The
protonated amine group of each ligand also appeared to be important for the
establishment of charge-charge interactions with some charged residues present
in the binding site, such as Glu102, Asp105, and Asp109 (Table 4.1C). This type
of interaction was especially relevant for 3GJW. The 3GJW ligand was involved in
charge-charge interactions with Asp105 (:OD1) for 84.65% of the MD run time.
The main interactions for each complex along MD trajectories (the first cluster) are

shown in Figure 4.3.

RCW| ]
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3GNT | 1
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Figure 4.2 The plot distances involving the tyrosine residues and ligands along MD
trajectories. A) Distance between Tyr246 centroid 11 ring and the aromatic core of ligands. B)
Distance between Tyr228 centroid 1 ring and the protonate amine moiety of each ligand. C)
Distance between the centroid of amide group (formed by the CO of Tyr235 and N of Phe236) and
phenyl ring of each ligand.
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Table 4.1 A) Hydrogen bonds, B) hydrophobic interactions (namely alkyl and Tr-alkyl
interactions) and C) charge-charge interactions with greater occupancy during MD
trajectories for 2RCW, 3L3L, 3GN7 and 3GJW complexes.

A
Hydrogen bonds
PDBID Donnor Acceptor %O0ccupancy
Gly202:N AAI:O1 40.05
2RCW Ser243:0G AAI:O1 64.80
AAL:N3 Gly202:0 73.55
Gly202:N L3L:02 54.75
3L3L Ser243:0G L3L:N3 38.85
L3L:N3 Gly202:0 64.35
L3L:N1 Gly227:0 23.80
Gly202:N 3GN:012 38.80
3GN7 Ser243:0G 3GN:012 44.50
3GN:N1 Gly202:0 61.70
Gly202:N GJW:01 27.15
3GJwW Ser243:0G GJW:0O1 62.65
GJW:N3 Gly202:0 74.80
B
Alkyl and m—alkyl interactions
PDBID Residue %O0ccupancy
Ala237 68.00
2RCW Lys242 97.70
Ala237 48.00
SL3L Lys242 84.70
Ala237 52.20
3GN7 Lys242 75.70
Ala237 66.65
3GJW Lys242 64.55
C
Charge-charge interactions
PDBID Residue %O0ccupancy
GIu102 OE1 29.40
JRCW OE2 32.50
AsD105 OD1 30.30
P oD2 26.35
OE1 33.25
3L3L Glu102 OE2 37.60
OE1 29.15
3GN7 Glu102 OE2 32,50
OD1 84.65
SGIW Asp105 oD2 19.65
Asp109 OD1 30.95
P oD2 23.05
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. :

Figure 4.3 2D-Ligand interaction diagrams for each ligand complexed with PARP-1 catalytic
domain along MD run. Dashed lines represent interactions between binding site residues and
bounded ligands. Green color pointed to hydrogen bond interactions; Orange indicates 1T—cation
interactions; pink denotes 11— stacked; yellow pointed to amide—1r interactions; light pink denotes
hydrophobic interactions (alkyl and Tr—alkyl); brown indicates charge-charge interactions, and
turquoise indicate Van der Waals interactions. A) 2RCW. B) 3L3L. C) 3GN7). D) 3GJW. This
figure was created using Discovery Studio Visualizer 16.1.0.

By exploring the diversity and the motion of the ligands, as well as the
flexibility of the binding site residues, four structure/dynamics-based
pharmacophores were generated based on the ligand-protein interactions that
were monitored during the MD trajectories. The conserved hydrogen bonds, as
well as the T—T stacking, the TT—cation and charge-charge interactions observed to
a higher extent during MD, were considered to generate structure-based

pharmacophores.
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For each complex, seven representative structures (matching more than
80% of the structural variability) were taken into account to build the
pharmacophore models.

For all pharmacophoric hypotheses, the Receptor-Ligand Pharmacophore
Generation protocol in DS pointed key interactions between the PARP-1 catalytic
domain and the ligand, and generated excluded volume spheres that were
correlated with steric regions in the binding site that may not be engaged by the
ligand substituent groups. In this context, the characterization of the mechanisms
of the formation/disappearance of pockets around the ligands due to the
immediate conformational response of the protein to known inhibitors can aptly
indicate the positions at which the addition/modification of specific substituent
groups may allow optimal extensions of binding interactions into previously
uncharacterized regions.

The comparison of the excluded volume spheres obtained based on the
crystal and the representative structure after MD simulations for each ligand-
bound system (Figure 4.4) revealed that the excluded volume spheres were
generally pointed to the same residues, especially in the nicotinamide-binding
pocket, which comprises residues such as Gly202, Ser243 and Tyr246 (Figure
3.3). Analyses of root mean square fluctuation (RMSF) for all four complexes
(Figure 4.5) revealed that the regions containing nicotinamide-binding residues
were quite stable. The highest fluctuations were observed in loop regions (60-67;
78-94; and 118-128).
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A 2RCW crystal MD 2RCW

B 3L3L crystal

C 3GN?7 crystal MD 3GN7

Figure 4.4 Representation of the PARP-1 binding site with excluded volume spheres. The
excluded volume spheres, set to 5 A around each inhibitor complexed with the binding site, were
obtained from the crystal and the representative structure after MD simulations for 2RCW, 3L3L,
3GN7 and 3GJW complexes. This figure was created using Discovery Studio Visualizer 16.1.0.
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Figure 4.5 RMSFs of complexes along 20 ns MD run.
4.3.2. Pharmacophore model building

SB_Pharma1, which was based on the 2RCW complex, displayed five
functional features, including an HBD and an HBA pointed to Gly202, an HY
pointed towards Ala237 and Lys242 (alkyl side chain), an RA directed to Tyr246,
and a PI pointed to Tyr228. Nineteen excluded volume spheres were identified,
which represented an additional two spheres compared with the crystal structure.
One of them was directed to GIn98 (side chain) and the other to Thr226
(backbone). SB_Pharma2, which was the pharmacophore model obtained from
3L3L, exhibited four features and 14 excluded volume spheres, pointed to the
same residues of the crystal structure. One HBA and one HBD directed to Gly202,
an HY pointed towards Ala237 and Lys242 (alkyl side chain), and a PI pointed to
Tyr228 were observed. SB_Pharma3 and SB_Pharma4 were generated from
3GN7 and 3GJW, respectively. Both pharmacophore models exhibited three
similar features: an HBA and an HBD pointed to Gly202, an HY centre directed
towards Ala237 and Lys242 (alkyl side chain) and an RA also directed to Tyr246.
A PI centre was pointed to Tyr228 or even Tyr 246 in SB_Pharma3, and to
Asp105 in SB_Pharma4. Excluded volume spheres (15 and 16, respectively) were
also identified. SB_Pharma3 displayed an extra excluded volume (compared with

the 3GN7 crystal structure) pointing towards the Asp105 side chain that changed
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side chain orientation during the MD simulation (Figure 4.6). Moreover,
SB_Pharma4 also showed an additional excluded volume sphere, directed to
Tyr228, which side chain exhibited considerable flexibility along the MD trajectory
(Figure 4.4D and 4.5). The excluded volume directed to Arg204, which was
observed in the 3GJW crystal structure, was not set in the final pharmacophore
model obtained after MD. As illustrated in Figure 4.3D, pointing to this active site
residue did not appear to be essential for productive interaction. The final
structure-based = pharmacophore = models (SB_Pharma1, SB_Pharma2,
SB_Pharma3, and SB_Pharma4) obtained from the superposition of dominant
conformations for each ligand-bound system, as well as those obtained from PDB

crystal structures, are elucidated in Figure 4.7.

3GN?7 crystal MD 3GN7

Figure 4.6 Asp105 side chain orientation in the crystal structure and after MD simulations
(representative structure). This figure was created using Discovery Studio Visualizer 16.1.0.

The analysis of four structure-based pharmacophore models supported the
essential role of Gly202 as an HBD and HBA, as well as the presence of important
hydrophobic residues, namely Ala237 and Lys242 (alkyl side chain). Moreover,
Tyr228, Tyr235, and Tyr246 were shown to be important for the establishment of
different types of mr-interactions. The aromatic feature directed to Tyr246, for
instance, was necessary to mimic the relevant role of stacking interactions in
driving effective binding to the PARP-1 catalytic domain. Finally, the presence of
charge-charge interactions mediated by charged residues, as exemplified by
Asp105, may be important for the identification of additional interactions that

increase the binding affinity between the ligand and the protein.
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Crystal structure-based pharmacophore MD-based pharmacophore MD-based pharmacophore
with excluded volume spheres with excluded volume spheres  with geometric constrains
A SB_Pharma1

Figure 4.7 Representation of structure-based pharmacophore models obtained from crystal
structures and the dominant conformations after MD simulations. Green color indicates
hydrogen bond acceptor (HBA); magenta denotes to hydrogen bond donor (HBD); cyan shows
hydrophobic center (HY); yellow indicates ring aromatic (RA); and red denotes to positive ionizable
center (Pl). This figure was created using Discovery Studio Visualizer 16.1.0.
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4.3.3. Pharmacophore-based virtual screening and validation

The four pharmacophore models  were validated against
DUD_PARP1 _ligands and DUD_PARP1_decoys, which were generated by
Catalyst [291], and both sensitivity and specificity were calculated (Table 4.2).
Sensitivity was related to the fraction of PARP-1 binders that correctly fit the
pharmacophore models. Specificity was related to the fraction of molecules that
did not fully fit the pharmacophoric hypotheses and were identified as decoys. The
comparison of the values obtained for the four structure-based pharmacophore
models showed that SB_Pharma1 and SB_Pharma4 displayed a better accuracy
compared with the already good one characterizing all pharmacophore models, in
general. Therefore, all four hypotheses generated were used to screen the NCI
and DrugBank databases. However, to increase the ability to distinguish between
active and inactive molecules, only hits with fit values above 2.0 and those that
were retrieved by more than one pharmacophore model (in which at least one of
them displayed the best accuracy (SB_Pharma1 or SB_Pharma4)), were retained
for further docking studies. Overall, 915 and 175 hits were obtained from the NCI

and DrugBank databases, respectively.

Table 4.2 Statistical data of structure-based pharmacophore models.

Pharmacophore

Model TA TI TP TN FP FN Se Sp Acc
SB_Pharmat 742 30403 346 27926 2477 396 0.466 0.918 0.908
SB_Pharma2 742 30403 364 26037 4366 378 0.491 0.856 0.848
SB_Pharma3 742 30403 275 25873 4530 467 0.371 0.851 0.840
SB_Pharma4 742 30403 225 28073 2330 517 0.303 0.923 0.908

TA: Total number of actives; TI: Total number of inactives; TP: True positives; TN: True negatives; FP: False
positives; FN: False negatives; Se: Sensitivity; Sp: Specificity; Acc: Accuracy.

Importantly, inspection of the retrieved hits identified 3 known PARP-1
inhibitors among the 175 molecules that were obtained from the screening of the
DrugBank database: DB0372 (FR257517) [60], DB07787 (FR255595) [49], and
D08348 (PJ34) [254]. It is worth noting here that these ligands were not part of the
initial training set of ligands that was used to start MD simulations and
pharmacophore design. The presence of these inhibitors, which have a higher

potency regarding the inhibition of PARP-1 activity, constituted a first important
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validation of the capacity of our pharmacophore models to recapitulate the
chemical and stereoelectronic determinants that underlie the activity of drug

molecules.
4.3.4. Docking studies

The overall 1090 retrieved hits (from the NCI and DrugBank databases)
were docked at the PARP-1 binding site using Glide SP-mode. To validate and
optimize the docking parameters, A620223 co-crystallised with the PARP-1
catalytic domain (PDB code: 2RCW), as well as 14 reference PARP-1 inhibitors,
were re-docked. The SP docking results showed that the binding pose of A620223
in the crystal could be optimally reproduced, with an RMSD of 0.64 A (Figure 4.8).
Furthermore, the top poses of hits retrieved from the NCI and DrugBank
databases were inspected, and a docking score cut-off of -7 was applied, based
on the docking score range of the PARP-1 inhibitors that were docked ([-7.5;-
11.6]). The remaining compounds were subjected to a second docking run, using
Glide XP-mode. To select promising hits, a visual inspection of the compounds
was performed. The interaction with key residues, such as Gly202 and Tyr246, as
well as the structural diversity between the molecules, was taken into account
when choosing potential hits. A total of 60 compounds were chosen for further

evaluation.

Figure 4.8 Superposition of the docked pose (magenta) of A620223 with its crystal structure
conformation (yellow). This figure was created using Discovery Studio Visualizer 16.1.0.
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4.3.5. PARP-1 inhibition and structure-activity relationship

The HT Universal Colorimetric PARP Assay Kit was used to screen and to
determine the ICsy values of the promising hits obtained. Only 39 compounds
among the 60 chosen above were effectively tested, because of commercial
availability or solubility problems. After an initial screening at a concentration of
100 uM, seven compounds displayed a PARP-1 inhibition activity >90%. A new
screening at 10 yM was performed, and the 1Csp was determined for the most

promising hits (Figure 4.9 and Figure 4.10).
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Figure 4.9 Dose-response curves of the three most promising hits: A) NSC131753; B)
NSC86342; C) NSC121848. Each data point represents the mean + SEM of at the least three
independent experiments.

Among the promising molecules, three of them exhibited one or more chiral
centres. To determine which isomer was acquired from NCI, the NSC86342,
NSC131753, and NSC121848 compounds were characterized by NMR. The 'H
NMR and "™C NMR spectra showed that only an isomeric form was present for

each sample.

106



Chapter IV

Compound
code

NSC131753
(RorS)

NSC86342
(cis)

NSC121848
(R)

NSC153161

NSC11907

NSC65378

NSC102534

2D Structure

OH

/
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O o OH

<

e

PARP-1 Inhibition®
(ICs0, UM)

0.24+0.04

0.96+0.4

1.6+0.8

9+4

>10

>10

>10

Docking score
(glide XP-mode)

-9.582/-8.151

-6.121/-6.108*

-9.045

-8.504

-8.705

-8.678

-7.525

Figure 4.10 PARP-1 inhibitory activity and docking score data for the most promising hits.
®PARP-1 inhibition was determined using HT Universal Colorimetric PARP Assay Kit (Cat #4677-
096-k). *Docking score values of both possible NSC86342 cis diastereomers.

Moreover, the NOESY spectrum allowed the characterization of the

enantiomeric form obtained for NSC121848. The H9 proton observed in the
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NOESY spectrum was correlated with both methyl groups at N1, which indicates
that the (R)-enantiomer was present (Figure 4.11). Similarly, in the NOESY
spectrum of NSC86342, a correlation between H10 and the methyl group at N1
was observed. This demonstrates that these two groups have the same
orientation, which reveals that NSC86342 is a cis diastereomer (Figure 4.12). As
can be observed, there was a huge structural variability between the most
promising compounds, with NSC131753 showing the highest PARP-1 inhibitory
activity (ICsp = 0.24 uM). Moreover, PARP-1 inhibition was well correlated with the
XP docking scores of three among the top four most promising hits (Figure 4.10).
Despite the fact that NSC86342 showed the lowest docking score, it displayed 11—
cation and -1 interactions with key tyrosine residues (Tyr235 and Tyr246), which
have been described as being essential for the binding of PARP-1 inhibitors to the
catalytic domain. Moreover, some poses revealed t—charge interactions with
Glu102, Glu327, and Tyr228. Taken together, these findings may explain the
stability of this compound at the binding site and its high PARP-1 inhibitory activity
(Figure 4.10 and Figure 4.13A).
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Figure 4.11 NOESY spectrum of NSC121848.
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Figure 4.12 NOESY spectrum of NSC86342.

As expected, all promising hits were involved in interactions with conserved
binding residues, such as Gly202, Tyr246, or even Tyr235. The presence of
donor-acceptor aromatic systems appeared to be essential for PARP-1 inhibition,
which is in line with the hydrophilic environment that surrounded the NAD+ binding
pocket, with a remarkable presence of aromatic residues (Figure 3.3).
Consequently, it is easy to understand why the best PARP-1 inhibition activities
were displayed by molecules with an aromatic polycyclic skeleton with several
HBAs or HBDs, such as NSC131753 and NSC121848 (Figure 4.10). The latter
established hydrogen bonds with a vast number of residues, such as Phe236,
Gly227, and Glu327, in addition to the TT—cation and 17— interactions with the key
Tyr235 and Tyr246 residues. Although the NMR analysis did not determine which
NSC131753 enantiomer was evaluated, both (R) and (S) enantiomeric forms may
be involved in different types of interactions with the catalytic domain, in spite of
the differences in docking scores. Hydrogen bond interactions involving Gly233
and Phe236 were stablished with the (R)-enantiomer (Figure 4.13C), while Gly227

and Met229 were implicated in this type of interactions with the (S)-enantiomer
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(Figure 4.13D). Moreover, Glu327 played an important role in the interaction
profile of both enantiomeric forms, by establishing TT—cation interactions with (R)-
NSC131753 and H-bond with (S)-NSC131753. Further insights into the binding
mode of the two enantiomeric forms will be discussed in the description of the
NSC131753 MD simulations analysis.

Figure 4.13 The binding mode of the most promising PARP-1 inhibitors at the PARP-1
catalytic domain. The molecular interactions of the top scored poses were displayed. A)
NSC86342. B) NSC121848. C) (R)-NSC131753. D) (S)-NSC131753. This figure was created using
Discovery Studio Visualizer 16.1.0.

It is worth mentioning that anthraquinone derivatives, of which NSC102534
is an example, have been recently reported as being PARP-1 inhibitors [243]. The
polycyclic aromatic core of these compounds was crucial for the interaction with
the binding site (Figure 4.14).

The most promising hit, NSC131753, contains a chiral centre. Despite the
performance of 1D and 2D NMR studies, it was not possible to identify the
enantiomeric form evaluated against the PARP Assay kit. To determine which

enantiomer is more stable at the binding site and to attest the interaction profile

110



Chapter IV

obtained from the docking studies, 100 ns long MD simulations were carried out
for (R)- and (S)-NSC131753 complexed with the catalytic domain.

Figure 4.14 The binding mode of A) NSC153161, B) NSC102534, C) NSC65378 and D)
NSC11907 at the PARP-1 catalytic domain. The molecular interactions of the top scored poses
were displayed. This figure was created using Discovery Studio Visualizer 16.1.0.

The RMSD was lower for (S)-NSC131753 (around 0.05 nm compared with
0.09 nm for (R)-NSC131753), even though the two enantiomers revealed being
quite stable (Figure 4.15A and 15D). However, the average RMSD calculated on
the Ca atoms was lower and more stable for the (R)-enantiomer complex, along
the three 100 ns MD replicas (Figure 4.15B and 15E)). Conversely, a similar
RMSF distribution (Figure 4.15C and 15F) was observed for both enantiomeric
forms, with the highest fluctuation observed in two loop regions of the catalytic
domain (78-94; 118-128). Nevertheless, a highlighted mobility was observed from
residues 317 to 322 in the RMSF plot of (S)-NSC131753, which was not observed
for (R)-NSC131753. This may indicate a conformational change induced by the
(S)-enantiomer. It is also worth noting that the D-loop residues (215-233)
presented higher flexibility in the case of (R)-NSC131753 (at least 0.02 nm)
compared with (S)-NSC131753 (around 0.015 nm). This difference may be due to
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the interaction of (S)-NSC131753 with Tyr228 (through m—1 and Ttr—cation
interactions) and Met229 (hydrogen bond). In fact, the analysis of the interaction
profile during MD showed that both enantiomers established an important number
of interactions. Moreover, the main interactions proposed by the docking studies
were maintained for both enantiomers, with high occupancy. Tyr235 and Tyr246
were involved in T—TT interactions with both enantiomers, with occupancies above
65%. Glu327 was essential for the establishment of hydrogen bonding with both
enantiomeric forms, and for charge-charge interactions with (R)-NSC131753, as
demonstrated by the docking studies described above. MD trajectories analysis
also revealed that Glu102 established a hydrogen bond interaction with the (R)-
enantiomer for 41.5% of the MD run time, and with the (S)-enantiomer for 35.01%.
A similar type of interaction was identified between ASP105 and (S)-NSC131753,

with an occupancy of 38.55% along 100 ns MD simulations.
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Figure 4.15 Conformational statistics obtained for (R)- and (S)-NSC131753, along 100 ns MD
run. A), D) RMSDs of ligands. B), E) RMSDs of complexes. C), F) RMSFs of Ca atoms of
catalytic domain.

In summary, the data showed that both enantiomers were able to interact
with the catalytic domain with relative stability, via different types of interactions
with binding site residues, some of which were revealed only during MD

simulations. An example of this is the interaction between (S)-NSC131753 and
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Tyr228, which was important to stabilize the D-loop and may explain the

differences in docking scores observed between (R)- and (S)-NSC131753.

44. CONCLUSIONS AND FURTHER DEVELOPMENTS

A dynamic structure-based pharmacophore strategy was used to identify
novel PARP-1 inhibitors. The pharmacophore models based on the interactions
between the PARP-1 catalytic domain and four different inhibitors during MD
simulations provided new insights in the ligand binding mode, taking into account
the flexibility of both the enzyme and the ligand. Subsequently, the validated
pharmacophore models were screened against two virtual compound libraries, to
retrieve hits with novel chemical scaffolds. After molecular docking studies using
Glide, the top scored drug-like molecules were tested against the PARP kit assay
to determine PARP-1 inhibitory activity. Structurally diverse hits with important
PARP-1 inhibitory activity were found. Moreover, the dynamic structure-based
pharmacophore approach applied here led to the identification of three new PARP-
1 inhibitor candidates with skeletons that had not been reported previously:
NSC86342, NSC131753, and NSC121848. These candidates will be useful for
guiding the further development of novel, selective and more potent PARP-1

inhibitors.
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Highlights

Design of a bile acid virtual library, taking as starting point the compounds
3.3and 3.4.

Molecular docking of bile acid compound database against FXR ligand-
binding domain.

The 2-(3-chlorophenyl)ethyl substituents generally displayed the highest
binding affinity predictions.

Compounds 5.10 and 5.13 showed the highest binding affinities and were
selected for further in vitro studies.
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5. CHAPTER V

Bile acid derivatives: from weak PARP-1 inhibitors to novel FXR modulators

51. OVERVIEW

The Farnesoid X receptor (FXR) was firstly identified in 1995 as an orphan
receptor that forms a heterodimeric complex with the retinoid X receptor after
activation by farnesyl pyrophosphate which, in turn, is a metabolic intermediate of
the mevalonate pathway [326]. Few years later, bile acids (BA), the end-products
of cholesterol catabolism, were found to be the physiological ligands of this
receptor, which granted it the denomination of BA receptor (BAR), as well [327,
328].

FXR is a nuclear hormone receptor, which is encoded by the NR1H4 gene.
Like other nuclear receptor (NR) members, FXR displays five domains: a N-
terminal ligand-independent activation function 1 domain (AF1), a DNA-binding
domain (DBD), a ligand-binding domain (LBD), a C-terminal ligand-dependent
activation function 2 domain (AF2), and a flexible hinge region, which links the
DBD and the LBD [329]. Four FXR isoforms (FXRa1-4), resulting from an
alternative splicing and the use of different promoters have been identified [330].
As shown in Figure 5.1, the differences among the isoforms lie on the amino acid
sequence of the initial region of the receptor, displaying the LBD 100% of
homology among the four isoforms. Being highly expressed in the liver, intestines,
adipose tissues, kidneys and vasculature [331], differences in the FXR isoforms
expression were reported among different tissues. Thus, while FXRa1 and FXRa2
isoforms are predominantly expressed in the liver and adrenals, FXa3 and FXo4
are the leading isoforms in the colon and kidney. All the four isoforms are identified

in the small intestine [329].
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Figure 5.1 The different FXR isoforms and the 3D structure of FXR-LBD, which is conserved
among all isoforms (PDB code: 4QES6).

FXR plays a key role in the regulation of several metabolic pathways, by
regulating bile acid and glucose homeostasis, as well as lipoprotein and lipid
metabolism. Furthermore, this NR has been implicated in cell proliferation,
inflammation, hepatic regeneration, control of gut microbiome, and in the
regulation of vascular tone [329, 332-334]. Therefore, FXR represents an
attractive therapeutic target for cholestatic liver disease, diabetes mellitus,

dyslipidemia as well as atherosclerosis prevention [335].
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FXR is activated by both conjugated and unconjugated BAs at physiological
concentrations, being the chenodeoxycholic acid (CDCA) 5.1 (Figure 5.2) the
most active endogenous FXR agonist, followed by deoxycholic acid (DCA) 5.3 and
lithocholic acid (LCA) 5.4 [336]. Due to their amphipathic character with detergent
properties, BAs facilitate the intestinal absorption of lipophilic nutrients, including
dietary cholesterol and fat-soluble vitamins. Despite this important role, the
accumulation of high levels of those compounds, particularly of secondary BAs,
DCA 5.3 and LCA 5.4 induces cytotoxicity. Nevertheless, the BAs homeostasis is
critically regulated by FXR. In the presence of excessive levels of BAs, FXR is
activated by the binding of endogenous BAs, following a feedback mechanism that
ultimately regulates the synthesis, the uptake and the elimination of BAs from the
cells, in order to return the level of BAs to homeostasis [337]. The key role played
by BA-FXR interaction in glucose and lipid metabolism, as well as in the regulation
of hepatic and intestinal inflammation and in atherosclerosis [338, 339], supports
the therapeutic interest of using FXR agonists in several pathologies, such as non-
alcoholic fatty liver disease (NAFLD). This is an emerging global epidemic with a
huge medical and economic burden, which prevalence is rapidly increasing, and

can culminate in more serious diseases, such as cirrhosis and hepatocellular

carcinoma [340].

DCA 5.3 LCA 5.4 UDCA 5.5
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Figure 5.2 Primary (CDCA 5.1 and CA 5.2) and secondary (DCA 5.3, LCA 5.4 and UDCA 5.5)
endogenous bile acids.

In an effort to discover more potent FXR agonists, the semi-synthesis of BA
derivatives has been pursued, with the identification of a potent and selective FXR
agonist, the 6a-ethyl-chenodeoxycholic acid (6-ECDCA), also called obeticholic
acid (OCA) 5.6 (Figure 5.3) [341], recently approved in USA to treat primary biliary
cholangitis (PBC) in combination with ursodeoxycholic acid (UDCA) 5.5 (Figure
5.2), or in monotherapy in individuals unable to tolerate UDCA [342].

Figure 5.3 The first-in class FXR agonist, OCA.

OCA, which is ~100-fold more potent than CDCA as FXR agonist, is under
investigation for the treatment of other diseases. An improvement in hepatic
fibrosis in non-alcoholic steatohepatitis (NASH) patients was observed in a phase
I clinical trial, using OCA [343]. An increase in insulin sensitivity, as well as anti-
inflammatory and anti-fibrotic effects were reported by using OCA in animal
studies [339, 344, 345].

Despite the promising results obtained with OCA, some adverse events are
associated with the therapeutic use of this molecule, such as fatigue, diarrhoea,
constipation, as well as pruritus, which severity led to the suspension of treatment
in some clinical studies [346]. Thus, the search for more selective FXR agonists is
worth it.

In this study, a docking approach was used to identify novel and potent
semi-synthetic BAs, acting on FXR. Taking as starting point the molecules 3.3 and
3.4, which previously failed as PARP-1 inhibitors, a small library of 19 BA
derivatives (including compounds 3.3 and 3.4) was designed. All the molecules

displayed an aromatic side chain extension, in order to better explore the
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surrounding hydrophobic cavities of the FXR binding pocket, and ultimately identify
new potent FXR ligands, with improved ligand binding affinity.

5.2. MATERIALS AND METHODS

5.2.1. Database design and preparation

A small database composed of 19 BAs derivatives was built. The side chain
of four different BAs, CDCA 5.1, cholic acid (CA) 5.2, DCA 5.3 and UDCA 5.5
were virtually extended with different aromatic substituents, creating a series of

amide derivatives (Figure 5.4).

Cl

123



Chapter V

Cl

CDCA 5.1 5.10
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5.23

Figure 5.4 Virtual database of BAs derivatives including the endogenous BAs used as
starting point to their preparation. A) CA derivatives; B) CDCA derivatives; C) DCA derivatives;
D) UDCA derivatives. The amide side chain extension of each derivative designed is displayed in
bold font.

All the structures were prepared using ChemAxon Calculator Plugin. The
pH was set to 7.4 and the lowest energy conformation was saved for further

docking studies.
5.2.2. Docking studies

The docking studies were performed using GOLD 5.2.2 (Genetic
Optimization for Ligand Docking) software [246, 247].

The X-ray crystallographic structures of rat FXR-LBD (PDB code: 10SV)
and human FXR-LBD (PDB code: 4QE6) complexed with OCA and CDCA,
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respectively, were retrieved from the PDB to perform docking calculations. The
use of two different LBD structures is supported by the conformational changes
induced by ligand-binding into FXR-LBD. In fact, it has been reported that different
ligand scaffolds induce different conformational changes in the LBD since specific
helices may be involved in the interactions depending on the ligand binding. This
is ultimately responsible for the recruitment of co-activators (because of ligand-
induced protein-protein interactions) and the FRX activity regulation [347].

Moreover, it was demonstrated that minor structural variations displayed by
the binding of different BAs have significant impact on the FXR affinity and
consequently on its activation [337]. By using the FXR-LBD of the most potent
endogenous and semi-synthetic BAs FXR agonists, CDCA and OCA (Figure 5.3),
respectively, further insights into the ligand-dependent conformational changes
able to influence the binding mode of the novel BAs derivatives, might be
disclosed. It is worth mentioning that an attempt to use a FXR-LDB complexed
with a non BA, but still a potent FXR agonist, MFA-1 [348] (PDB code: 3BEJ) was
made. Nevertheless, neither OCA nor CDCA were correctly docked into the LDB,
which demonstrates the high flexibility of the LDB upon ligand binding.

Discovery Studio (DS) was used to prepare both complex crystal structures
at 7.4 pH. The water molecules were removed from the crystal structures. The
residues within 6 A of the co-crystallised ligands were taken into account to define
the binding site of each protein structure used. Despite the high level of homology
observed between the two FXR-LBD structures, two residues among ones that
define the binding site were different between the rat and human structures. Thus,
the Ser258 and the 11e294 in PDB entry 10SV (rat) were substituted by Asn258
and Val294 in PDB entry 4QE6 (human).

All the 19 BAs derivatives in the virtual database, as well the four
endogenous BAs used as starting points to their design (CA, CDCA, DCA and
UDCA) and the first-in-class FXR agonist OCA were subjected to 100 molecular
docking runs using the default ChemPLP fitness function and a search efficiency
set to 200%. The top 10 scored poses were kept for each ligand. After visual
inspection, the molecules that displayed the highest docking scores in both FXR-

LDB structures, as well as an appropriate pocket fitting and conserved binding
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mode, were submitted to a second round of docking. The best ranked solution of
the four selected BAs derivatives (3.3, 5.10, 5.13, and 5.20) was submitted to
1000 molecular docking runs with the search efficiency set to 200%.

To evaluate the ability of the GOLD scoring functions to reproduce the
crystal ligand poses, as well as to optimize all docking parameters, the two co-
crystallised ligands OCA and CDCA were re-docked into the corresponding LDB-
FXR, 10SV and 4QES®6, using all scoring functions available in GOLD (ChemPLP,
GoldScore [245], ChemScore, and ASP). The best results were obtained for
ChemPLP scoring function, which was therefore chosen to perform the docking

calculations in this study.

5.3. RESULTS AND DISCUSSION

5.3.1. Structural characterization of the binding interactions of a
series of bile acid derivatives into nuclear farnesoid receptor (FXR)

A SBVS approach was applied in order to identify novel BAs derivatives as
potent FXR ligands. Twenty four compounds were subjected to molecular docking,
using exhaustive settings (100 GA runs and a search efficiency of 200%). After
careful visual inspection of all poses kept for each ligand in the docking runs,
important findings were settled. As expected, all compounds docked into the FXR-
LBD displayed a similar binding mode, with the A-ring 3a-hydroxyl group of the
steroid skeleton, which is conserved among all BAs, oriented towards the helix 12,
establishing a hydrogen bond with the His447 residue in the 4QE6 LBD (His474 in
108V), which is present on helix 11. An additional hydrogen bond was settled
between the Asp333 (helix 5) in 4QE6 (Asp328 in 10SV) and the C-24 carboxyl
group (in CA, DCA, CDCA, UDCA, and OCA) or the C-24 amide oxygen in the
novel BAs derivatives. Moreover, several alkyl interactions were established
between the polycyclic steroid core of all compounds and binding site residues,
such as Leu287 and Met290 (helix 3), Leu348 and 1le352 (helix 6), and Trp454 (in
4QEG6). The corresponding residues of 10SV were involved in the same
interactions with the LBD. Since the interactions described below are observed in

both FRX-LDB analysed, only the nomenclature of 4QE6 will be written down.

128



Chapter V

It is important to mention that the 7a-hydroxyl group was involved in
hydrogen bond interactions with the FXR-LBD (Tyr366, Ser333, or Met292), which
might explain the higher binding affinities (Table 5.1) showed by the BAs that
display an a-hydroxyl moiety in that position (OCA, CDCA, and their amide
derivatives), as opposed to those that display a 7B-hydroxyl (UDCA) or no
hydroxyl group at position 7 (DCA and its amide derivatives). This supports the
reported highest agonist activity by CDCA among the endogenous BAs, followed
by a lower activity of DCA and UCDA [336]. Importantly, the 12a-hydroxyl group
does not seem to interfere in the binding affinity, since no hydrogen bond was
established between that group and neighbouring residues, as observed for DCA,
CA and derivatives, at the FXR-LBD.

An additional interesting point disclosed by docking calculations was the
higher binding affinity exhibited by OCA in comparison with the other BAs under
investigation. Unlike the other BAs, all poses kept for OCA acquired the same
binding mode, with fewer variations. The additional alkyl interactions stablished
between the 6a-ethyl group and different hydrophobic residues (e.g. lle349, 11e359,
Met262, and Phe363) might explain the constant binding mode.

Comparing the binding affinities of the novel BAs derivatives with the BAs
used as a starting point for their design, or even OCA, higher in silico binding
affinities predictions were disclosed for the first ones. In fact, in all the novel BAs
derivatives the aromatic extension of the side chain is directed towards the entry of
the FRX-LDB, interacting with the hydrophobic residues of the internal face of helix
3, such as the His294, Val297, and Leu298 residues. Moreover, different aromatic
residues, such as the Tyr260, His294, Phe301, surround the small hydrophobic
pocket where the BAs side chain lie and are involved in 11T interactions with the
aromatic portion of the side chain of the different BAs derivatives (Figure 5.5).
This might be ultimately responsible for the stability exhibited by the side chain into
the binding pocket and the higher affinities displayed, in general, by these

molecules (Table 5.1).
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Figure 5.5 Representation of the hydrophobic receptor surface (PDB code: 4QE6) around
3.3. The brown represents the hydrophobic area, while blue points the polar part. This figure was
created using Discovery Studio Visualizer 16.1.0.

Moreover, among the different substituents of the amide side chain, the 2-
(3-chlorophenyl)ethyl moiety, seems to contribute to an enhancement in the
binding affinity of the BAs derivatives. In fact, among the derivatives of each
natural BA studied (CA, DCA, CDCA, and UDCA) the 2-(3-chlorophenyl)ethyl
amides were generally the top scored ranking compounds, in both docking
calculations. This might be related with the ability of the chlorine moiety to
establish several alkyl interactions with the hydrophobic residues that lie in the
small pocket that accommodates the amide side chain, namely His294, Val297,
and Leu298 (Figure 5.5). This observation was further explored by a second
exhaustive docking run (1000GA, 200% of efficiency), involving the three top-
scored 2-(3-chlorophenyl)ethyl BA derivatives 3.3, 5.10, and 5.20 and the FXR-
LDB. The compound 5.13, which is a 2-methoxyphenethylamide derivative, was
also included in the calculation, since it is the second molecule with a higher

predicted binding affinity, among all BAs derivatives evaluated.
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Table 5.1 Docking score data for the BAs under investigation. A first docking run was
performed using 100GA and an efficiency of 200% for all 24 compounds into FXR-LDB 10SV and
4QEG6. The top four compounds were further submitted to a most exhaustive docking calculation,
using 1000GA, with 200% of efficiency.

Docking score

Compound code (CHEMPLP)
108V 4QE6 108V 4QE6
100GA, 200% 100GA, 200% 1000GA,200% 1000GA, 200%

3.3 105.06 106.57 106.03 110.49
3.4 99.34 103.89 - -
5.1 77.47 81.82 82.06 82.68
5.2 76.25 87.76 - -
5.3 73.00 80.70 - -
5.5 73.44 74.23 - -
5.6 93.46 97.35 94.74 97.53
5.7 102.89 104.07 - -
5.8 105.56 106.47 - -
5.9 99.22 105.57 - -
5.10 110.02 111.13 110.02 116.16
5.11 105.58 112.72 - -
5.12 108.27 107.72 - -
5.13 108.29 112.07 109.15 113.56
5.14 105.71 107.87 - -
5.15 98.87 100.83 - -
5.16 94.80 98.19 - -
5.17 95.61 95.44 - -
5.18 94.77 99.91 - -
5.19 97.23 98.44 - -
5.20 101.55 107.04 101.23 107.03
5.21 97.96 101.30 - -
5.22 99.22 105.29 - -
5.23 99.43 100.75 - -

The visual inspection of all poses kept by each molecule revealed that all
compounds display a stable binding mode into FXR-LDB, particularly in the amide
side chain. In fact, the small differences in the docking scores seem to be related
with the nature of the BA core structure, in which the CDCA derivatives 5.10 and
5.13 were the most promising molecules (Table 5.1). This is in line with the
highest FXR agonist activity revealed by CDCA among all endogenous BAs [336].
Furthermore, the chlorine substituent at para position of the benzyl side chain
appeared to be slightly more favourable than the ortho 2-methoxyphenethylamide

substituent, likely due to the closer proximity of several hydrophobic residues able
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to interact with chlorine. In fact, the three 2-(3-chlorophenyl)ethyl amides
derivatives 3.3, 5.10 and 5.20, as well as 5.13 display superposed poses.
Nevertheless, while the chlorine moiety in 3.3, 5.10 and 5.20 was always directed
to the hydrophobic residues located at helix 5 (Ala327, Arg331) and helix 3
(His294, Val297, Leu298, Phe301) in both docking calculations, the methoxy
group was positioned differently in the different docking runs, because of the

rotation of the phenyl ring (Figure 5.6).

Figure 5.6 The binding mode of the 3.3, 5.10, 5.13, and 5.20 at the FXR-LBD. A) 4QE6; B)
10SV. All the compounds display superposed poses. The 2-(3-chlorophenyl)ethyl BA derivatives
3.3 (brown), 5.10 (turquoise), and 5.20 (magenta) display the same binding mode in both FXR-LBD
4QEG6 and 10SV. The 2-methoxyphenethyl group of compound 5.13 (orange) at 4QEG6 LBD rotates
in comparison with 10SV LBD. This figure was created using Discovery Studio Visualizer 16.1.0.
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Although, the methoxy group of 5.13 was directed to the same side of the
chlorine moiety in the 4QE6 LBD, that moiety was not able to establish any

interaction with the target residues (Figure 5.7).

Figure 5.7 2D-Ligand interaction diagrams for 5.13 complexed with the FXR-LBD. A) 4QEG6;
B) 10SV. Dashed lines represent interactions between binding site residues and bounded ligands.
Green colour pointed to hydrogen bond interactions; pink denotes —1 stacked; light pink pointed
to alkyl interactions; violet indicates m—alkyl interactions. This figure was created using Discovery
Studio Visualizer 16.1.0.
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On the other hand, in the 10SV LBD the oxygen of the methoxy group
was directed in an opposite way, establishing a hydrogen bond with Arg328. In line
with the above, more in-depth studies are required to accurately predict the
differences in protein-ligand binding energies between the most promising virtual
compounds, 5.10 and 5.13. Free energy perturbation (FEP) [349] using MD
sampling would be a reliable approach to achieve this goal, taking also into
account the conformational changes induced upon ligand binding to FXR-LBD,

which ultimately determine the activation of this NR.

5.4. CONCLUSIONS AND FURTHER DEVELOPMENTS

A docking approach was used to disclose the binding affinity of a series of
virtual BAs derivatives into the FXR-LBD.

Two CA derivatives, 3.3 and 3.4, which display a phenyl amide side chain,
were firstly evaluated against PARP-1, and failed as PARP-1 inhibitors (Chapter
3). Since BAs have been reported as FXR agonists, a virtual compound library,
which included 3.3 and 3.4, was designed and subjected to molecular docking
calculations, in order to predict the binding affinity of 3.3 and 3.4, as well as the
other BAs derivatives into FXR-LDB.

A first docking run was performed with all 19 BAs derivatives, as well as the
BAs used as starting point to their design, CDCA 5.1, CA 5.2, DCA 5.3 and UDCA
5.5, and the first-in-class selective FXR agonist OCA 5.6. It was observed that all
BAs derivatives, including 3.3 and 3.4 displayed a higher binding affinity than the
natural BAs CDCA 5.1, CA 5.2, DCA 5.3 and UDCA 5.5, as well as the OCA 5.6.
The aromatic amide side extension displayed by all BAs derivatives established
several interactions with the LBD, showing a stable binding mode into a small
hydrophobic pocket formed by several hydrophobic residues, such as His294,
Val297, Leu298, Phe301 (helix 3), Ala327, and Ala 334 (helix 5). Moreover, the 2-
(3-chlorophenyl)ethyl substituents generally displayed the highest binding affinity
predictions, mostly due to the ability of the chlorine moiety to interact with different

residues in the small hydrophobic cavity mentioned before.
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In line with this, the top three ranking 2-(3-chlorophenyl)ethyl amide
derivatives and the second top-ranking compound 5.13, which display a 2-
methoxyphenethylamide, were subjected to an exhaustive docking in order to
select the most promising derivative for in vitro evaluation against FXR. Despite a
slightly higher binding affinity prediction revealed by 5.10, which were determined
by a higher number of interactions between this compound and the LBD, both 5.10
and 5.13, CDCA derivatives, are promising candidates for further in vitro studies
against FXR.
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Concluding remarks

Despite several years of research of, and important advances in cancer
treatment, this multifactorial disease is still a leading cause of death worldwide.
Among the different approaches used to fight cancer, targeting DNA-repair has
appeared as a promising strategy, as DNA-repair inhibition may compromise
cancer cells survival and ultimately lead to their death. PARP-1 has been
extensively reported as playing a key role in several DNA-repair pathways.
However, the PARP-1 inhibitors discovered to date are not selective, especially
among the PARP family, and are associated with resistance phenomena. For
these reasons, the identification of new and selective PARP-1 inhibitors remains
an important strategy to fight cancer.

In a first attempt, a receptor-based pharmacophore strategy was applied in
which MIFs calculated on the PARP-1 catalytic domain (wild-type and Val101Ala)
after MD were used as a starting point for pharmacophore generation (Chapter 3).
Despite the initial promising docking results, in vitro evaluation of the putative hits
revealed weak PARP-1 inhibition. Nonetheless, some important findings were
pointed out, leading to a change in the pharmacophore modelling approach used.
Thus, a dynamic structure-based pharmacophore strategy was explored to identify
novel and selective PARP-1 inhibitors. Different pharmacophore models were
generated taking into consideration the interactions established between different
inhibitors and the PARP-1 catalytic domain, the complexes of which were
previously subjected to MD simulations. After pharmacophore-based VS against
two compound databases, the molecules that fit two of the four pharmacophores
generated, in each one of them showed the best accuracy, were selected. The
subsequent molecular docking studies performed using the molecules chosen led
to the discovery of three novel PARP-1 hits, which will be further used as a starting
point to disclose novel, selective and more potent PARP-1 inhibitors (Chapter 4).

On the other hand, among the compounds resulting from the first
pharmacophore-based VS (Chapter3), there were two CA derivatives, which were

used as a starting point for the design of a virtual BA derivatives database. This

139



Chapter VI

was further subjected to molecular docking, to predict the binding affinity of those
compounds to FXR, an NR that is activated by BAs. From the evaluated
molecules, two CDCA derivatives showed promising binding affinities (Chapter 5).

In summary, this thesis encompasses an integrated medicinal chemistry
approach that used dynamic structure-based pharmacophore modelling and
molecular docking to identify new PARP-1 inhibitory scaffolds with promising
activities, which were validated using in vitro studies. Moreover, it allowed the
identification of new potential FXR agonists, taking as a starting point two CA
derivatives that were previously designed and evaluated as PARP-1 inhibitors and
did not exhibit a significant PARP-1 inhibitory activity.

Finally, this thesis contributes for drug discovery process by opening new
pathways to the identification of effective and selective PARP-1 inhibitors, as well

as novel FXR agonists.
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