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Abstract. Poly ADP-Bibose polymerase (PARP) inhibitors have attracted wide attention as a
new class of anticancer drugs. PARP inhibitors act by blocking PARP binding to sites of DNA
damage, leading to failure of DNA repair and ultimately leading to apoptosis of tumor cells. In
recent years, PARP inhibitors have achieved remarkable clinical results in a variety of cancer
treatments, especially in BRCA mutation-associated breast and ovarian cancer treatments. The
application of these PARP inhibitor drugs has significantly prolonged the survival of patients
associated with BRCA mutations and improved the quality of life of patients. The limitations of
PARP inhibitors are mainly manifested in two aspects: first, their specificity for PARP-1 is not
high enough to lead to side effects after taking drugs; second, patients may develop resistance
during long-term use of such drugs. In this paper, the mechanism of action of PARP inhibitors
is reviewed, and deeply analyzed the chemical structure and efficacy of Olaparib, Niraparib and
Rucaparib drugs, which provided a useful reference for subsequent clinical research and drug
development.
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1. Introduction

Poly ADP-Bibose polymerase (PARP) is a ribozyme found in eukaryotic cells and plays an important
role in involving DNA repair and maintaining genomic stability [1]. PARP-1 is the most important
member involved in different DNA repair pathways, including single-strand DNA break repair (SSBR),
nucleotide excision repair (NER), Alternative non-homologous end junctions (alt-NHEJ), and
homologous recombination (HR).

Studies have shown the overexpression of PARP in tumors, inflammation-related diseases,
autoimmune diseases, neurodegenerative diseases, and metabolic stress [2]. So far, the role of PARP in
tumors has been best studied, and the inhibition of PARP activity in tumor cells can reduce DNA repair
in tumor cells, thus promoting tumor cell death. Therefore, PARP has become an important target for
tumor drug development [2]. In tumor cells with homologous recombination repair (HRR) defects, the
resulting DNA double-stranded breaks are effective in mass killing of cancer cells if PARP activity is
inhibited. Stated differently, PARP inhibitors can work in concert to have deadly effects on tumors that
carry mutations in the gene that makes people susceptible to breast cancer (BRCA). BRCA mutations
were first identified in ovarian and breast cancers, and prostate and pancreatic cancers were also reported
to have some relationship with BRCA gene mutations [2]. Therefore, PARP inhibitors are expected to
be ideal drugs for cancer therapy with wide research implications [2].
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DNA damage responses in BRCA1/2 mutated breast and ovarian cancers can be specifically targeted
by PARP inhibitors, the first approved cancer drugs that specifically aim for these reactions [3]. In
cancer patients with BRCA1/2 mutations or genomic instability, PARP inhibitors are also permitted in
the use of bevacizumab as a combination [4]. Currently, various PARP inhibitor drugs are available on
the market, including Olaparib, Niraparib, Talazoparib and Rucaparib, and their main mechanism of
action is to inhibit the activity of PARP. Despite the different action targets of these inhibitors, most
drugs will target both PARP-1 and PARP-2, thus having some limitations in terms of selectivity. Note
that, although PARP-2 expression is relatively low, its absence may lead to a range of adverse effects.
Studies have shown that by binding the noncatalytic site of PARP, it is expected to improve the
selectivity of PARP inhibitors to improve the efficacy and prolong the progression-free survival of
patients, thus providing more effective and safer drug options for cancer treatment. Besides, drug
resistance is unavoidable, and resistance is a possibility for approximately 40-70% of patients [5].

2. The structure of PARP

Six domains make up the modular structure of PARP-1 (Figure 1): the two zinc-binding domains, Zn 1
and Zn 2, allow PARP-1 to detect particular DNA configurations, while the Zn 1 and Zn 3 domains
promote PAR synthesis of WGR-CAT fragments when DNA is present [6]. Automodification domain
(AD) has major sites for self-modification [6]. The central auto-modified region contains a breast cancer
susceptibility gene carboxyl-terminal (BRCT) domain of the breast cancer susceptibility gene and
flanking fragments containing glutamate or lysine residues that can serve as automatic ADP ribosylation
sites [6].

The tryptophan-glycine-arginine domain (WGR) is the center of the PARP-binding complex with
DNA [6]. The PARP-1 catalytic domain (CAT) contains the ART subdomain (ADP-ribosyl transferases,
ARTS) consisting of a bound nicotinamide adenine dinucleotide (NAD+) is composed of the donor site
of the B-a-loop-B-a characteristic motif, the acceptor site of the ADP-ribose chain extension, and the
helical domain (HD) [7]. The HD consists of six a-helices, forming a hydrophobic core that contributes
to the folded of the ART domain [7].

Zn 1, Zn 3, and WGR-CAT are the structural domains required for the functional activity of PARP

[6].
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Figure 1. The structure of PARP.

3. The repair mechanism of PARP

After DNA damage occurs, the Zn region of PARP-1 rapidly recognizes and binds the damage site [2].
The binding of PARP to a DNA incision can cause a temporary arrest of cellular activity, thereby
allowing the proximity of DNA repair enzymes to the site of damage [8]. At this point, PARP changes
its conformation and thus activates CAT [2]. CAT catalyzes NAD+, which decomposes into
nicotinamide and ADP ribosidine, and then uses the resulting ADP ribose as the substrate to
phosphorylate the receptor proteins involved in repair to form polyadenosine diphosphate ribose (poly
(ADP-ribose), PAR) [2]. This process, called PAR location (Figure 2), mediates the recruitment of
single-stranded DNA repair effectors [9]. Histones, PARP-1, and a few other DNA repair proteins are
examples of the receptor proteins. Because of their high negative charge, the proteins altered by PAR
polymer have the ability to attract some key players in the BER-SSB cascade, including XRCC 1. Non-
covalently interacting with PAR, other proteins involved in chromosomal spatial structure development,
DNA repair, and replication can also contribute to DNA damage repair [10].
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The dissociated PAR is cleaved by polyadenosine diphosphate ribose hydrolase, and the cleaved
ADP ribose can be reused for NAD+ synthesis, Whereas the monomer-reformed PARP-1 can be
reactivated [2].
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Figure 2. PARP recruitment of proteins.

4. Mechanism of the PARP inhibitors

The term synthetic lethality describes a situation where two non-lethal gene mutations occur
independently without affecting cell viability, but when they occur together, they produce cell death
[11]. Decades later, it was found that cells carrying BRCA mutations were 1,000 times more sensitive
to PARP-1 inhibition than wild-type cells [12], providing a theoretical basis for defining PARP-1 as a
synthetic lethal partner of BRCA. This makes it possible to test PARP inhibitors and other drugs that
target DNA repair pathways in BRCA 1 or 2 mutated cancers [13].

When DNA single-strand breaks (SSB) occur in cells, PARP begins to functionally repair DNA.
However, in the presence of PARP inhibitors, PARP inhibitors bind to PARP, inhibit PAR lation, and
trap inactivated PARP on the DNA, thus blocking the replication fork, leading to replication fork
collapse and creating double-strand breaks [9] (Figure 3). The PARP-DNA complex that was captured
is more cytotoxic than SSBs that were not reattached after PARP inactivation, which indicates that
PARP inhibitors are toxic agents that trap PARP enzymes on DNA in part [14].
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In cells, there are two ways to repair DNA double-strand breaks (DSB): homologous recombination
repair and non-homologous recombination repair. In cells with normal repair by homologous
recombination, DNA is able to be repaired normally and cells can survive. However, the conventional
belief is that tumor cells experience increased genomic instability due to loss of HR repair, which causes
more mutations to be produced and cancer to progress [15]. In cells defective in homologous
recombination repair are cells with BRCA mutations, DSB cannot be efficiently repaired, so severe
damage to DNA will cause cell death. DSB can be repaired by a nonhomologous end-joining pathway.
However, this misvulnerability of the template-independent repair pathway ultimately leads to tumor
cell death [9] (Figure 3). That is to say, cell death occurs due to massive chromatid aberrations when the
error-prone alt-NHEJ repair mechanism is unable to repair chromatid breaks caused by simultaneous
inhibition of PARP-1 function in BRCA1 or 2 defects [16].

DNA single— Inhibitor of PARP
strand br?aak DNA double—strand break
Normal cells BRCA mutant cells
PARP
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recombination
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Cell survival Cell death
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Figure 3. Cell fate before and after PARP inhibition.

5. Design of the PARP Inhibitor drugs

The primary intracellular generator of PAR, PARP-1, is activated by attaching to the DNA damage site
[17]. The catalytic activation of PARP-1 is binding to DNA through the N-terminal zinc finger (ZnF),
HD folding, and NAD+, which is a multistep process of binding to the catalytic pocket and PAR
catalysis [17].

The current mechanism of action of the mainstream and effective PARP inhibitors is mainly through
CAT and NAD+ in the catalytic domain of PARP to form a competitive relationship between them.
Given the high conservation of the catalytic pocket of the PARP family, drugs relying solely on this
design are deficient in terms of specificity. Although the initially developed drugs can be well combined
with PARP, their key properties such as drug potency and water solubility still need to be further
improved. In order to ensure the safety and effectiveness of the drug, PARP inhibitors should introduce
other functional groups besides focusing on competing sites.

5.1. The binding Site for the PARP Inhibitors

The first PARP-1 inhibitor was nicotinamide itself, followed by 3-aminobenzamide (3-AB) [17] (Figure
4). The cytotoxic effects of the DNA methylator dimethyl sulfate were enhanced by 3-AB in the 1980s
[18]. All subsequent developed PARP-1 inhibitors contained a nicotinamide or benzamide
pharmacophore and were associated with NAD+ competitive catalytic pocket of PARP [17]. The kinetic
site is bound to by PARP-1 inhibitors through the formation of hydrogen bonds with Gly, Ser, and Glu,
as well as by the formation of hydrophobic packing interactions with two Tyr residues in the
nicotinamide-binding pocket [17].
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Figure 4. Structure of 3-aminobenzamide (3-AB).

Three hydrogen bonds are established in the nicotinamide subsite of the pocket in NAD+, including
two from Gly 863 and one from Ser 904 [19] (Figure 5). The posterior wall of the nicotinamide subsite
bounded by Ala 898 and Lys 903 forms a tight small pocket that is just large enough to accommodate
small substituents (e. g. CH3, F, Cl) on the benzamide-containing ring [19] (Figure 5).
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Figure 5. NAD+ catalytic pocket for amino acid interactions.
5.2. Design and function of the functional groups of different inhibitors
5.2.1. Olaparib

The chemical name of Olaparib is 1- (cyclopromonyl) -4- [5- [(3,4-dihydrogen-4-oxygen-1-phthalazine)
methyl] -2-fluorbenzoyl] piperazine [20], chemical structures as shown in Figure 6a.
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Figure 6. Chemical structure diagram of the PARP inhibitor.
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By restricting the degree of freedom of the amide moiety, Olaparib secures the aryl amide in another
loop and promotes the inhibitory potency of PARP-1 [19]. The benzyl group enhances cell activity,
while the diacylpiperazine segment retains enzyme potency (IC 50 = 5 nM) and raises cell death (PF 50
= 25.8), all while boosting solubility to 81 [19]. Cyclopropyl group can effectively improve the oral
bioavailability [19].

5.2.2. Niraparib
The chemical name of Niraparib is 2- [4- [(3S) -piperidine-3-group] phenyl] azole-7-carboxamide, and
the chemical structure is shown in Figure 6b.

Niraparib initially became a PARP inhibitor candidate for its superior pharmacokinetic properties
and enzyme and cellular potency [19]. Its aryl group as a solubilizing group leads to a general
improvement in enzymatic and cellular potency [19]. (S) -piperidine showed better cellular potency and
BRCA selectivity than (R) -piperidine, while amine 2 improved solubility and pharmacokinetic
parameters [19].

5.2.3. Rucaparib

The chemical name of Rucaparib is 8-fluorine-2- {4- [(methine) methyl] phenyl} -1,3,4,5-
tetrahydrogen-6H-nitrogen and [5,4,3-CD] index-6-ketone ((1S, 4R) -7,7-dimethyl-2-oxygen duplex
[2.2.1] ethylene-1-group) mesylate, and the chemical structure is shown in Figure 6c¢.
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When amide NH is bound to imidazole nitrogen, it becomes an intramolecular hydrogen bond
acceptor. Locking the procamides into the geometry that is the most conducive to PARP-1 binding,
similar to bicyclic and tricyclic lacamides, is what causes the PARP-1 binding to be most effective [19].

The aryl group interacts with the © - © of Tyr 889 and Tyr 907 in PARP-1 at its nicotinamide-binding
site [19]. The free carboxamide is restricted within the seven-membered ring, producing the same result
as the intramolecular hydrogen bond, forming the tricyclic imidazololactam [19]. The secondary amine
improved the water solubility, inhibitory potency, and cell permeability of the arylamide core [19]. Indo
NH forms a water-mediated hydrogen bond with Glu 988, while the dimethylamine group interacts with
Asp 766 [19].

5.3. DNA capture

PARP-1 capture is thought to be dependent on allosteric changes in the PARP-1-DNA binding domain,
and the allosteric changes described by a PARP inhibitor with NAD+ induction of D loop binding at the
outer boundary of the site [17]. PARP capture can take place in areas where DNA strands are broken,
where topoisoselectase I (TOP 1) has been used, and where okazaki fragment intermediates of DNA
replication are unrelated [ 17]. The inhibition of its catalytic activity renders PARP-1 unable to dissociate
from DNA upon being trapped [17].

DNA capture efficiency: Talazoparib>> Niraparib> Olaparib = Rucaparib>> Veliparib.

5.4. PARP inhibitor specificity

Veliparib topped the list of clinically relevant inhibitors for its selectivity of PARP-1 / 2 inhibitors,
followed by Niraparib [17]. The unique water-mediated hydrogen bond formed between PARP-1/2 and
residues of the regulatory subdomain (D766 in PARP-1) is what determines their selectivity, and it is
conserved in PARP-1/2, not in other PARPs [17]. Veliparib has a selectivity for PARP-1/ 2 that exceeds
100 times the other family members', while Olaparib and Talazoparib only have a selectivity of 15 to 20
times higher [17]. Rucaparib is the PARP-1 inhibitor that is least selective in pharmacology, blocking
PARP-1 while also stopping the single (ADP-ribosyl) transferases PARP-3, PARP-4, PARP-10, PARP-
15, and PARP-16 [17].

6. Conclusion
The screening and marketing of PARP inhibitor drugs is breakthrough for the treatment of BRCA-
mutant cancers, and their unique chemical structures confer different key parameters such as DNA
capture efficiency, enzyme and cellular potency, and permeability. Therefore, according to the specific
situation of the patient, medical institutions can develop personalized treatment plans to maximize the
treatment effect. Moreover, based on the mechanism of action of PARP inhibitors, these drugs are
expected to produce synergistic effects with other drugs, providing new possibilities for cancer therapy.
After an exhaustive analysis of drug design concepts and chemical architecture, the drug molecule
usually contains a nicotinamide or benzamide as a core structure bound to the catalytic domain
conserved in the PARP family. Beyond this, other parts of the drug molecule are mostly devoted to
optimizing drug properties. However, so far, the designed drugs have yet to achieve the ideal PARP-1
selectivity, where PARP-2 is often identified simultaneously as a non-specific target. Recent studies
have shown that enhanced targeting to PARP noncatalytic sites may help to enhance drug selectivity.
Therefore, in the future research work, the precise design and screening of highly selective drugs will
become the core strategy to weaken and even solve the current PARP targeted adverse drug reactions.
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