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ABSTRACT 
 

Nicotinate phosphoribosyltransferase (NAPRT) is the rate-limiting enzyme of the Preiss-

Handler NAD biosynthetic pathway. NAPRT is widely distributed across healthy mammalian 

tissues where the enzyme supports the production of NAD, an essential pyridine nucleotide 

that acts as redox cofactor in multiple metabolic pathways key for bioenergetics and as 

substrate for several critical cellular processes.   

Recently, NAPRT has emerged as a novel therapeutic target against cancer owing to its 

recognition as a biomarker for the success of NAMPT inhibitors in cancer treatment. Indeed, 

the lack of objective tumor response to NAMPT inhibitors in clinical trials might reflect 

NAPRT-mediated resistance to these agents. Interestingly, NAPRT displays marked tumor 

specificity in terms of expression and its regulation mechanisms. Some tumors show NAPRT 

gene promoter hypermethylation and therefore do not express the enzyme. An insightful study 

found that NAPRT is frequently upregulated in ovarian, prostate, pancreatic, and breast 

cancers. In addition, high protein levels of NAPRT were shown to confer resistance to NAMPT 

inhibitors in several tumor types whereas the simultaneous inhibition of NAMPT and NAPRT 

resulted in marked anti-tumor effects both in vitro and in vivo.  

While numerous potent NAMPT inhibitors are available, the few reported NAPRT inhibitors 

(NAPRTi) have a low affinity for the enzyme. In this work, computer-aided drug design 

(CADD) efforts to identify putative NAPRT inhibitors were coupled to state-of-the-art in vitro 

testing of the compounds to study their capacity to inhibit NAPRT and to sensitize the NAPRT-

proficient OVCAR-5 cell line to the NAMPTi FK866. Starting from the crystal structure of 

NAPRT several structure-based drug design (SBDD) experiments based on molecular docking 

and molecular dynamics simulations were carried out. In the process, large compound libraries 

of diverse and drug-like small molecules were virtually screened against the NAPRT structure. 

The selected in silico hits were subsequently tested through cell-based assays in the NAPRT-

proficient OVCAR-5 ovarian carcinoma cell line and on the recombinant NAPRT enzyme. We 

found different chemotypes that efficiently inhibit the enzyme in the micromolar range 

concentration and for which direct engagement with the target was verified by differential 

scanning fluorimetry. Of note, the therapeutic potential of these compounds was evidenced by 

a synergistic interaction between the NAMPT inhibitor FK866 and the new NAPRTi in terms 

of decreasing OVCAR-5 intracellular NAD+ levels and cell viability. For example, compound 

IM 29 can potentiate the effect of FK866 of more than two-fold in reducing intracellular NAD+ 



levels. These results pave the way for the development of a new generation of potent NAPRT 

inhibitors with anticancer activity.  
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1. INTRODUCTION 
 

1.1 Physiological roles of NAD 
 

Nicotinamide adenine dinucleotide (NAD) is a vital pyridine nucleotide. The first role that was 

discovered for NAD+ and its phosphorylated form (NADP+) was as an essential coenzyme in 

redox reactions that are involved in cell energy and anabolic metabolism. By exchanging 

hydride, NAD(P)+ is constantly shuttling between its oxidized and reduced forms in hundreds 

of enzymatic reactions that take part in key pathways in mammalian cells, such as glycolysis, 

tricarboxylic acid cycle (TCA cycle), oxidative phosphorylation, and serine biosynthesis [1–

3]. Besides, the reduced form of phosphorylated NAD (NADPH) is particularly relevant for 

the cell’s defense against oxidative stress as it provides the reductive power to neutralize 

reactive oxygen species [4].  In addition, marked cell regulatory properties have been ascribed 

to NAD by acting as a substrate for several families of enzymes, which always release 

nicotinamide (Nam) as a result of NAD degradation [1,5–7]. Indeed, NAD is consumed in post-

translational modifications of target proteins by mono- and poly-(ADP–ribose) polymerases 

(PARPs) and sirtuins (SIRT1-7), the last endowed with protein deac(et)ylase activity [8,9]. 

NAD is also the precursor of the Ca2+-mobilizing second messenger cyclic ADP-ribose 

(cADPR), produced by the ectoenzymes CD38 and CD157 [10]. The enzyme sterile alpha and 

TIR motif-containing 1 (SARM1) exerts NAD-cleavage activity in neurons and represents a 

new family of NAD-consuming enzymes [11]. The activities of these enzymes are modulated 

by NAD availability and regulate a series of fundamental cellular processes including DNA 

repair, apoptosis, cell metabolism, cell cycle progression, and immune responses [12]. 

 

1.2 NAD biosynthesis in human 
 

Unlike a redox cofactor, NAD is consumed when acting as a substrate. Therefore, continuous 

NAD biosynthesis is required in normal human tissues to preserve NAD homeostasis and thus 

health [13]. As a matter of fact, the decline in NAD levels during ageing is related with the 

development of an array of metabolic disorders and diseases, including cancer [6]. Due to 

aberrant metabolism, cell growth, and proliferation, tumor cells require higher NAD production 

with respect to healthy tissues to support the increased activity of NAD-degrading enzymes 

[14]. Therefore, interfering with the NAD biosynthetic machinery was conceived as a 

promising therapeutic strategy against cancer [12,15]. The depletion of NAD strongly affects 

multiple cellular metabolic pathways, leads to a rapid decline in adenosine triphosphate (ATP) 



levels, and ultimately causes cancer cell death [16]. For a more detailed overview of the in vitro 

and in vivo effects of chemical agents targeting NAD biosynthesis in cancer cells, we refer the 

readers to a recent review article [17]. 

There are three main pathways contributing to NAD biosynthesis in mammals, which show 

high tissue variability: the de novo pathway with tryptophan as a NAD precursor, the Preiss–

Handler pathway, which utilizes nicotinic acid (NA) as a starting block, and the nicotinamide 

(Nam) salvage pathway (Figure 1) [18]. In addition, the ribosylated precursors nicotinamide 

riboside (NR) and nicotinic acid riboside (NAR) represent additional forms of vitamin B3 that 

can be converted into NAD. All known routes leading to NAD generation in human require the 

transfer of the adenylyl moiety contained in ATP to nicotinamide mononucleotide (NMN) or 

nicotinic acid mononucleotide (NAMN), evidencing the essentiality of the NMNAT activity. 

In humans, 3 NMNAT isoforms (NMNAT1-3) fine-tune NAD synthesis in tissues and 

intracellular organelles [19]. 

The Nam salvage pathway plays a key role in maintaining NAD homeostasis in mammalian 

cells [20]. Duarte-Pereira and colleagues observed that the gene of the rate-limiting enzyme of 

this pathway, nicotinamide phosphoribosyltransferase (NAMPT), was ubiquitously expressed 

at the mRNA level in all human normal tissues and tumors that were studied [21]. Moreover, 

NAD-consuming enzymes release nicotinamide as a by-product, which makes Nam the most 

accessible NAD precursor. The protagonism that the Nam salvage pathway holds within the 

animal kingdom does not apply to distant forms of life. A detailed analysis of the genoma of 

45 species covering very different organisms from the tree of life concluded that the three 

enzymes of the Preiss-Handler pathway (i.e., NAPRT, NMNAT and NADS) are detected in all 

the species investigated except H. influenzae and M. jannaschii [22]. In contrast, NAMPT is 

frequently absent outside animals and replaced by nicotinamidase activity coupled to the PH 

pathway. 

 

 



 

Figure 1 Graphical depiction of NAD biosynthesis in mammals. Trp, tryptophan; NA, nicotinic acid; NAR, nicotinic acid 

riboside; NR, nicotinamide riboside; Nam, nicotinamide; QA, quinolinic acid; NAMN, nicotinic acid mononucleotide; NMN, 

nicotinamide mononucleotide; NAAD, nicotinic acid adenine dinucleotide; NAD, nicotinamide adenine dinucleotide; QPRT, 

quinolinate phosphoribosyltransferase; NAPRT, nicotinate phosphoribosyltransferase; NAMPT, nicotinamide 

phosphoribosyltransferase; NRK, nicotinamide riboside kinase; NMNAT, nicotinamide mononucleotide adenylyltransferase; 

NADSYN, nicotinamide adenine dinucleotide synthetase. 

 

1.2.1 Nicotinate phosphoribosyltransferase 
 

Human nicotinate phosphoribosyltransferase (hNAPRT, Uniprot: Q6XQN6) is the rate-

limiting enzyme of the Preiss–Handler pathway. The enzyme catalyzes the conversion of NA 

and 5-phosphoribosyl-1-pyrophosphate (PRPP) to NAMN and pyrophosphate (PPi) in an ATP-

dependent manner [23]. The Preiss–Handler pathway continues with the adenylation of NAMN 

catalyzed by NMNAT1-3 and ends with the amidation of nicotinic acid adenine dinucleotide 

(NAAD) to NAD, which is catalyzed by NAD synthetase (NADSYN). Human NAPRT 

belongs to the Type II phosphoribosyltransferase family of functional dimeric proteins that are 

involved in NAD biosynthesis, together with quinolinate phosphoribosyltransferase (QPRT) 

and NAMPT. The crystal structure of NAPRT was solved by Marletta et al. and evidenced that 

the NAPRT monomer consists of an irregular α/β barrel domain and of a second open-faced 

sandwich domain [24].  

 



 

Figure 2. Dimeric structure of hNAPRT. Monomer A is depicted in green and monomer B in red. The two active sites located 

at the dimer interface are highlighted. 

Despite the low sequence similarity between hNAPRT and its bacterial homologs, the main 

amino acids that are involved in the recognition of NAPRT substrates and catalysis are strictly 

conserved, as demonstrated through site-directed mutagenesis experiments (Table 1) [25]. 

 

Table 1. Mutagenesis studies performed on hNAPRT enzymatic activity. 

Mutation position Effect on activity 

19; Asp-Ala Total loss 

21; Try-Ala Partial loss w/ATP, total loss w/o ATP 

169; Gly-Ala Partial loss 

209; Gly-Ala Partial loss 

213; His-Ala Partial loss 

288; Asp-Ala Total loss 

318; Arg-Ala Partial loss w/ATP, total loss w/o ATP 

357; Asn-Ala Small loss 

379; Gly-Ala Total loss 

380; Thr-Ala Partial loss 

381; Ser-Ala Partial loss 

 

NAPRT displays marked tissue and tumor specificity in terms of expression and its regulation 

mechanisms and is mostly present in several catabolic healthy mammalian tissues including 

the heart, kidney, liver, and small intestine [21,26–30]. In tissues that express the NAPRT 

protein, NA is the preferred precursor of NAD. Accordingly, the NAD pool of HEK293 cells 



was dramatically increased when these were cultured in NA-rich conditions, whereas similar 

doses of Nam resulted in a much lower effect [30]. This observation is likely related to the fact 

that, unlike NAMPT, NAPRT activity is not inhibited by NAD [30]. Interestingly, in addition 

to the role of NAMPT and NAPRT as intracellular NAD-producing enzymes (mostly located 

in the nucleus and the cytoplasm), NAMPT and NAPRT also exist as extracellular proteins, 

which exert pro-inflammatory and pro-tumorigenic effects [15,31,32]. 

 

 

 

1.3 NAD depletion as an anticancer strategy 
 

1.3.1 Inhibition of NAMPT 
 

Since interfering with NAD biosynthesis emerged as a viable strategy in oncology, the search 

for inhibitors has largely focused on NAMPT and led to the identification of numerous 

inhibitors, including FK866, CHS-828, OT-82, and KPT-9274 [33–37]. NAMPT is highly 

expressed in a broad range of both solid and hematological cancers, such as pancreatic cancer, 

ovarian cancer, colorectal cancer and lymphomas. Given the nature of NAMPT as the rate-

limiting enzyme of the Nam salvage pathway, an increased activity of this enzyme typically 

translates into poor cancer prognosis [38].  

Interestingly, potent NAMPTi have demonstrated very efficient anticancer activity in vitro and 

in vivo. The particular mechanism by which cancer cells die in response to NAMPT inhibitors 

seems to depend on the NAMPTi used and the cancer type and can consist of apoptosis, 

autophagy or oncosis. NAMPT inhibitors exert their cytotoxic effects through NAD depletion 

that ultimately impacts multiple cellular processes. The main downstream effects of NAD 

depletion are impairment of glycolysis and ATP depletion, mitochondrial depolarization, 

plasma membrane disintegration and genome vulnerability. The genome vulnerability is due 

to decreased PARP activity and a reduced antioxidant capacity of the cell as a result of NADPH 

depletion with the corresponding increase in reactive oxygen species that cause DNA damage. 

Accordingly, NAMPTi effectively cooperate with DNA damage-inducing chemicals like 

fludarabine and cisplatin. Inhibition of NAMPT also synergizes with other anticancer therapies 

such as radiotherapy and immunotherapy. 

Multiple studies report the in vivo efficacy of several NAMPTi. In theory, coadministration of 

NA with NAMPT inhibitors to patients with NAPRT-deficient tumors should mitigate the 

systemic toxicity associated with NAMPTi without rescuing the tumor cells [39,40]. Indeed, 

this is the case in several in vivo studies. In contrast, tumors in which the Preiss-Handler NAD 



synthetic pathway is amplified would require simultaneous inhibition of NAMPT and NAPRT 

to reach dramatic NAD depletion and cell death in the cancers. Strikingly, a loss of NAMPTi 

antitumor activity in NAPRT-negative malignancies has also been reported upon NA 

supplementation [41]. This outcome shows that the efficacy of NAD depletion treatments in 

vivo is difficult to predict as a result of the complexity of the human body, where organs 

cooperate to synthesize NAD and the NAD metabolites are in continuous exchange. 

Overall, the first generation NAMPT inhibitors achieved potent antitumor activity in 

preclinical models. Nevertheless, the efficacy of these compounds in clinical trials has been 

rather disappointing. The NAMPT inhibitors failed to evoke an objective tumor response and, 

in addition, thrombocytopenia and gastrointestinal symptoms arose as dose-limiting toxicities 

[42,43]. Studies show that the upregulation of the Preiss-Handler pathway in tumors could be 

responsible for the limited clinical activity of the NAMPTi tested [26,44]. 

 

 

 

 

1.3.2 NAPRT as a therapeutic target 
 

The enzyme NAPRT emerged as a promising therapeutic target for cancer treatment when it 

was proposed and demonstrated that inhibition of NAPRT is necessary to sensitize NAPRT-

proficient malignancies to the NAMPT inhibitor FK866 both in vitro and in vivo [26]. The 

same authors elucidated the results of NAPRT silencing or inhibition in the tumor types tested: 

reduced cytosolic and mitochondrial NAD levels, decreased intracellular ATP, decreased 

oxidative phosphorylation, and reduced protein synthesis. 

With respect to the amplification of the NAPRT gene and to its expression, these are very 

variable in human tumors [21,26,28]. Tumors originating from normal tissues that highly 

express NAPRT were found to amplify the NAPRT gene at a high frequency (and to express it 

at high levels as a result), whereas tumors arising from tissues that do not express NAPRT will 

strongly rely on NAMPT activity for NAD biosynthesis and for cell survival [28]. In ovarian, 

prostate, breast, and pancreatic cancers, NAPRT was found upregulated (Figure 3A) [26]. On 

the contrary, gastric, renal, and colorectal carcinoma, as well as several leukemia cell lines, 

were reported to have low or no NAPRT expression [21].  

 



 

Figure 3. A, NAPRT is frequently amplified in a subset of human tumors. B, Synergistic interaction between FK866 and 2-

HNA in impairing cell viability and decreasing NAD+ of OVCAR-5 cells. This figure is adopted from Piacente et al., 2017[26] 

 

 

Among the mechanisms that regulate NAPRT expression, hypermethylation of the NAPRT 

gene promoter leads to gene silencing and has been found in several NAPRT-negative tumors. 

NAPRT promoter hypermethylation in cancer is frequently associated with mutations in the 

protein phosphatase Mg2+/Mn2+-dependent 1D (PPM1D) or isocitrate dehydrogenase 1 (IDH1) 

genes, as well as with the epithelial-mesenchymal transition (EMT)-subtype of gastric cancer 

[45–47]. Due to their dependency on the Nam salvage pathway for survival, NAPRT-deficient 

cancers are extremely sensitive to treatment with NAMPT inhibitors [48,49]. On the other 

hand, NAPRT upregulation confers resistance to NAMPT inhibitors to many malignancies. 

Piacente et al. demonstrated that NAPRT-proficient ovarian and pancreatic cancers are 

resistant to FK866, whereas NAPRT downregulation through gene silencing or chemical 

inhibition with 2-hydroxynicotinic acid (2-HNA) sensitized tumor cells to NAMPT inhibitors 

both in vitro and in vivo (Figure 3B) [26]. In line with these results, another study highlighted 



that sensitivity to NAMPT inhibition in several ovarian cancer cell lines was inversely 

proportional to NAPRT expression [50]. Despite its usefulness in basic research as NAPRTi, 

the low molecular weight and high functionality of 2-hydroxynicotinic acid suggest that this 

compound could have non-specific effects. Together with its low potency, such features make 

it unlikely that 2-HNA could be utilized as a NAPRTi in the clinic.  

 

 

 

1.3.3 Reported NAPRT inhibitors 
 

Recently, two new molecules (compound 8 and compound 19) that were able to reproduce the 

anticancer activity of 2-HNA in vitro as NAPRT inhibitors, were reported (Ghanem et al., 

2022). Additional NAPRT inhibitors date back to the 1970s, including nicotinic acid analogs 

and non-steroidal anti-inflammatory agents such as flufenamic acid, salicylic acid, mefenamic 

acid, and phenylbutazone (Table 2) [51–53]. Unfortunately, the available data, which were 

mostly obtained by monitoring NAPRT activity in human platelet lysates, suggest a weak 

inhibitory activity for these agents. Despite the proved antitumor activities of 2-HNA and 

compounds 8 and 19, efforts should be made in discovering new, potent NAPRT inhibitors. In 

this work, we identified several new small-molecule NAPRTi which, upon further compound 

optimization, could lead to a new generation of molecules that sensitize NAPRT-proficient 

malignancies to NAMPT inhibitors and, possibly, to other anticancer agents. 

 
Table 2. hNAPRT inhibitors reported in the literature. 

Compound Apparent Ki (µM) 

Flufenamic acid 10 

Mefenamic acid 50 

2-Phenylbutazone 75 

Indomethacin 100 

Salicylic acid 150 

2-Hydroxynicotinic acid 160 

2-Fluoronicotinic acid 230 

Compound 19 295 

Oxyphenbutazone 300 

Compound 8 307.5 

Acetylsalicylic acid 500 

Sulfinpyrazone 500 

 

 

 

 



1.4 Computer-aided drug design (CADD) 
 

Computer-aided drug design (CADD) encompasses a broad and growing range of 

computational methodologies that assist in the various stages of drug development. CADD is 

chiefly used during the early phases of drug discovery, e.g., biological target assessment, hit 

identification and lead optimization. The staggering progress made in the last decades with 

regard to computational power alongside the continuous refinement of existing software have 

improved considerably the efficacy and costs of CADD efforts to the point that CADD is a key 

player in modern drug discovery. Indeed, CADD helps researchers minimize the synthetic and 

biological testing workload through high-speed computational methods that enrich the fraction 

of suitable lead candidates in a chemical database and is nowadays the most suitable alternative 

for high-throughput screening. The ensemble of CADD approaches allows to predict and 

modulate the properties (e.g., binding affinity, ADMET profile) of a compound in a defined 

biological system. Therefore, modern computational techniques have helped in achieving 

molecular-level understanding of biological processes, explaining the molecular basis of 

therapeutic activity. Another valuable contribution of CADD to the scientific community is the 

construction of high-quality datasets and libraries. 

Roughly, CADD methodologies can be classified as structure-based drug design (SBDD) or 

ligand-based drug design (LBDD). SBDD exploits our knowledge of the target structure, e.g., 

experimentally solved X-ray crystal structure and homology modeling-derived structures. 

Examples of SBDD techniques are molecular docking and molecular dynamics (MD) 

simulations. 

Contrary to SBDD, ligand-based drug design uses our knowledge of known active and inactive 

molecules. Among LBDD techniques there are similarity/substructure searches and 

quantitative structure-activity relationship (QSAR) models.  

The choice of a certain CADD approach hinges upon the availability of structural features of 

the biological target and experimental data regarding the on-target activity of a set of ligands. 

In the case of a vastly studied enzyme, like NAMPT, both SBDD and LBDD are doable. On 

the contrary, a “young” enzyme whose therapeutic potential has only recently been discovered 

usually will be a greater challenge due to the limited data available. This is the case of 

hNAPRT. 

 

 



1.4.1 Molecular docking 
 

Molecular docking is a SBDD technique largely employed to identify and design compounds 

with strong binding affinity towards a target, by studying the binding free energy of the protein-

ligand complex. Despite the ability of scoring functions to assign a numerical value to a binding 

pose, a thorough visual inspection of the binding pose is essential for a proper evaluation of 

the docking results. A critical aspect to consider when inspecting a binding pose and that reflect 

the actual binding ability of the ligand are the number, distribution, and directionality of 

intermolecular interactions (e.g., hydrogen bonds). It is also very important to evaluate the 

shape and electrostatic complementarity between the compound and the protein binding site. 

Another key parameter is the ligand strain in the predicted binding pose, which may suggest 

unrealistic ligand conformations. 

Virtual high-throughput screening (vHTS) of large compound libraries via molecular docking 

is one of the most common applications of CADD. Among the computational tools that offer 

the possibility to perform docking-based virtual screening, AutoDock Vina is an open-source 

program that has been extensively tested and accurately predicts the binding mode of ligands 

within their target proteins. The workflow of a typical docking-based VS is depicted in Figure 

4. 

 

 



 

Figure 4. Typical vHTS workflow to follow when using molecular docking to identify inhibitors for a macromolecule. 

 

Depending on the knowledge of existing small-molecule modulators of the target enzyme and 

the aim of the screening, the compound library subjected to docking will comprise more or less 

molecules with a higher or lower chemical diversity. Often, a large virtual compound library 

provided by a vendor or online platform is filtered according to Lipinski’s rule of 5 or simple 

physicochemical properties to discard molecules with poor drug-likeness.  

Afterwards, the ligands are prepared for docking, which means adding hydrogen atoms, 

generating their 3D structure, and sampling the protonation states at physiological pH and 

possible tautomers. 

The target protein must as well undergo preparation in order to perform docking in a realistic 

system. Protein preparation comprises filling in missing amino acids and atoms, the removal 

of non-structural water molecules, the optimization of protonation states of ionizable residues, 

and a restrained energy minimization. 

Next, the parameters for the docking experiment are defined. The docking grid is built around 

the receptor (target protein) binding site. Of note, the size and location of the grid box greatly 

impact the quality of the results. The user must as well specify the type of ligand sampling, the 



scoring function, the precision level of docking, and the presence or absence of constraints. 

Once docking calculations have concluded, the user obtains a list of the top scoring binding 

poses from which docking hits will be selected via visual inspection. 

 

1.4.2 Molecular dynamics simulations 
 

Interestingly, enzymes are dynamic catalysts in an aqueous environment, meaning that the 

conformation of their binding sites evolves over time. The real movements of macromolecules 

in solution can be precisely reproduced by molecular dynamics (MD) simulations, a CADD 

technique that employs Newton’s laws to produce the trajectories (i.e., atomic coordinates at 

specific time periods) of a system. An outstanding molecular dynamics package that executes 

high-performance simulations of proteins and output analysis is GROMACS. 

One of the applications of MD simulations is to conduct conformational sampling, generating 

reasonable conformations of a macromolecule starting from its input structure (e.g., a PDB file 

of the crystal structure). These alternative enzyme conformations may well be used to run 

docking-based screening. The use of multiple docking grids enhances the chances of 

discovering inhibitors for an enzyme and is based on the dependence of intermolecular 

interactions with distance and directionality. 

This thesis has relied on CADD to a large extent with the goal to identify new inhibitors of 

human nicotinate phosphoribosyltransferase (NAPRT). With this purpose, several SBDD 

approaches were attempted taking the X-ray-solved hNAPRT crystal structure as the starting 

point. Owing to the scarce information available on known NAPRT inhibitors, LBDD efforts 

may be more suitable in the future. 

  



2. MATERIALS AND METHODS 
 

2.1 Materials 
 

Materials for the in silico experiments: 

The modeling tools available in the Mcule online platform were used upon registration as a 

regular user. AutoDock Vina was used to perform the docking virtual screenings. The free, 

open-source program for ligand preparation (Gypsum-DL) and the free and open-source 

software for molecular dynamics (GROMACS) were used. Schrödinger’s free Maestro v.2017-

4 was used for in silico protein preparations and visual inspection of docking binding poses. 

 

Materials for the in vitro experiments:  

OVCAR-5 cells were obtained from the NCI-60 panel in 2015 as a kind gift from Prof. Zoppoli. 

The cells were passaged for less than six months before resuscitation for the experiments. 

Testing for mycoplasma was routinely done with the MycoAlert Mycoplasma Detection Kit 

(Lonza Group, Basel, Switzerland). The cells were maintained and treated with RPMI 1640 

medium that was supplemented with 10% heat-inactivated FBS, penicillin (50 units/mL), and 

streptomycin (50 μg/mL) (Life Technologies, Monza, Italy). FK866 was kindly provided by 

the NIMH Chemical Synthesis and Drug Supply Program. 2-hydroxynicotinic acid was 

purchased (Sigma Aldrich S.r.l., Milan, Italy). 

 

2.2 In silico identification of putative NAPRT inhibitors 
 

2.2.1 Virtual screening on the crystal conformation of the NAPRT active site 
 

A high-throughput molecular docking screening was performed to discover new inhibitors of 

hNAPRT. The crystal structure of NAPRT (PDB code: 4YUB) was retrieved from The Protein 

Data Bank [54]. This structure was prepared with the academic version of Schrodinger Maestro 

v.2017-4 with standard preparation procedures, that include the removal of water molecules, 

correct assignment of bond orders, the addition of hydrogens, and the optimization of 

protonation states and restrained energy minimization. A 15 Å grid centered on the 

enzymatically relevant active site residues LEU170A, ARG318A, and TYR21B was generated 

around the NAPRT active site [24,25].  

The ligands subjected to docking were extracted from the Mcule “Potentially purchasable 

compounds” database. Approximately 1 × 105 molecules were selected after applying the 

physicochemical filter to the library (Table 3). 



 

Table 3. Basic physicochemical parameters used in compound library filtering. 

Property Min. value Max. value 
Components 0 1 

Inorganic atoms 0 0 

Rotatable bonds 0 10 

Chiral centers 0 3 

Heavy atoms  8  

N/O atoms 1 15 

Rings 1  

Halogen atoms 0 3 

Mass 150 450 

logP 0.4 5.6 

PSA (Polar surface area) 70 140 

Refractivity 160 480 

H-bond donors 0 5 

H-bond acceptors 1 8 

 

Docking virtual screening was run with the modeling tools that are offered by the Mcule 

platform, performing ligand preparation with Gypsum-DL using the default settings [55,56]. 

The docking results were thoroughly visually inspected considering widely accepted aspects in 

the scientific community such as quality of ligand-receptor interactions, docking score, fitting 

in the active site, ligand strain, and drug-likeness [57]. About 20 compounds showed promising 

properties in silico and were purchased and tested in vitro as putative hNAPRT inhibitors.  

 

 

2.2.2 Virtual screenings on NAPRT active site grids extracted from molecular 
dynamics simulations 
 

A second high-throughput molecular docking screening was performed to discover new 

inhibitors of NAPRT. The crystal structure of NAPRT was subjected to a 100 ns molecular 

dynamics simulation in water on GROMACS, which is schematically described in Figure 5. 

The protein trajectory produced in the simulation was clustered and the most representative 

protein structure (at t = 70710 ps) was exported and prepared with the academic version of 

Schrodinger Maestro v.2017-4 with standard preparation procedures. A 15 Å grid centered on 

the enzymatically relevant active site residues LEU170A, ARG318A, and TYR21B was 

generated.  

 

 

 

 



 

 

Figure 5. Steps undertaken to perform molecular dynamics simulation on NAPRT and postprocessing of data. 

 

The chemical compounds that were subjected to docking screening were obtained from several 

sources. The list of libraries and providers is numbered below. 

1. Approximately 1 × 105 molecules from the “Potentially purchasable compounds” 

Mcule database, selected based on simple physicochemical properties. 

2. The Prestwick Chemical Library® [58]. 

3. Approximately 2000 in-stock compounds from EDASA Scientific [59]. 

4. A small selection of approximately 100 molecules that were synthesized by the 

University of Seville, some of which have already been described [60–62]. 

5. A small selection of compounds based on the in vitro results obtained from the first 

virtual screening docking hits (section 2.2.1). 

 

Ligand preparation, docking and visual inspection of ligand-receptor binding poses were 

conducted as described in section 2.2.1. The most promising compounds (a total of 62 small 

molecules) were purchased or provided by collaborators and tested in vitro. Compounds were 

obtained in mg quantity and subsequently dissolved in DMSO to prepare a 50 mM stock 

solution. The purity of all compounds was > 95%, as declared by vendors or collaborators. 

 

 

 

 



2.3 In vitro characterization of putative NAPRT inhibitors 
 

2.3.1 Cell viability assay on the OVCAR-5 cell line 
 

A total of 3 × 103 OVCAR-5 cells/well were plated in 96-well plates in the regular culture 

medium. 24 h later the cell medium was removed, and the cells were subsequently incubated 

either in the regular medium that was supplemented with 0.3 µM nicotinic acid (control wells) 

or in the treatment medium which contained 0.3 µM nicotinic acid and combinations of 100 

nM FK866, 1 mM 2-HNA, and 100 µM of test compounds. Each condition was performed in 

triplicate and the cells remained under treatment for a total of 72 h at 37°C. Thereafter, the 

culture plates were fixed with 10% trichloroacetic acid at 4°C for 20 min, washed with cold 

water, and dried overnight. The plates were stained with 0.04% sulforhodamine B (SRB) in 

1% acetic acid, washed four times with 1% acetic acid to remove the unbound dye, and dried 

overnight. Lastly, Trizma®-base 10 mM was added to the plates and cell viability was 

quantified by absorbance measurements on a Tecan Infinite® 200 PRO instrument. 

To quantify the extent of the interaction between FK866 and the putative NAPRT inhibitors or 

2-HNA, we applied the combination index (CI) equation that is depicted below: 

 

CI =
𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 % 𝐴 + 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 % 𝐵 

𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 % (𝐴 + 𝐵)
 (1) 

 

where: ‘A’ refers to the treatment of cells with FK866 100 nM; ‘B’ refers to the treatment of 

cells with the test compound 100 µM or 2-HNA 1 mM; ‘A + B’ refers to the coadministration 

of FK866 100 nM and the test compound at 100 µM or 2-HNA 1 mM. A synergistic interaction 

is evidenced by CI < 1, additive effect produces CI close to 1, whereas CI > 1 corresponds to 

antagonistic effect. 

 

2.3.2 Ovcar-5 intracellular NAD+ quantification 
 

A total of 1 × 105 OVCAR-5 cells/well were plated in 24-well plates in the regular culture 

medium. 24 h later the cell medium was removed, and the cells were cultured either in the 

regular medium that was supplemented with 0.3 µM nicotinic acid (control wells) or in the 

treatment medium (regular medium with 0.3 µM nicotinic acid and combinations of 30 nM 

FK866, 1 mM 2-HNA and 100 µM of test compounds). Each condition was performed in 

duplicate, and the cells remained under treatment for a total of 20 h at 37°C. Thereafter, the 



cell medium was removed, and the cells were harvested and lysed with 0.6 M perchloric acid 

(PCA). Samples in PCA were neutralized by diluting the extracts in 100 mM sodium phosphate 

buffer (pH 8) and the total intracellular NAD+ content was determined with a sensitive enzyme 

cycling assay that exploits the use of alcohol dehydrogenase [63]. The obtained NAD+ values 

were normalized to cell lysate protein content that was quantified by the Bradford method. 

 

2.3.3 Inhibition assay on recombinant hNAPRT 
 

The production of recombinant hNAPRT employed E. coli bacteria as an expression system. 

The human coding sequence for NAPRT was codon optimized for the expression in E. coli and 

cloned in a pET-23a vector containing a C-terminal His-tag by GenScript. A total of 5 ml of 

bacterial culture was grown overnight at 37°C in the Luria–Bertani medium that was 

supplemented with 100 µg/mL ampicillin. The day after the culture was diluted at 1:100 in 

fresh medium and incubated at 25°C. When a 0.3–0.4 OD600 was reached, protein expression 

was started at 20°C by adding 1 mM IPTG, followed by overnight incubation. 

The induced cells were harvested by mild centrifugation (5000 rpm, 10 min) in a Beckman 

Coulter J6-HC centrifuge with JA-10 rotor and resuspended in 1:50 original volume with 

equilibrium buffer (100 mM K2HPO4, 300 mM KCl, and 5 mM imidazole, pH 7.4). After 

sonication (18 × 10 s), the crude extract was clarified by centrifugation (6000 rpm, 15 min) 

with JA-20 rotor, and purified by His-tag affinity chromatography as follows. The supernatant 

was batch-mixed (1 h) with a HisPur Cobalt resin (Thermo Fisher Scientific, Pittsburg, PA, 

USA), previously equilibrated in the above equilibrium buffer, and then packed into a 

chromatographic column. The flow-through and the subsequent 10 mM imidazole wash buffer 

were discarded. The recombinant protein was eluted by equilibration buffer containing 150 

mM imidazole. 

After centrifuge-assisted protein concentration in a Protein Concentrator 10K (Pierce-Thermo 

Fisher Scientific, Pittsburg, PA, USA), the hNAPRT amount was quantified by absorbance 

measurement at 280 nm. The solution containing the protein was dialyzed overnight against 50 

mM Tris/HCl, pH 7.4, 10 mM KCl, and 1 mM DTT, to remove imidazole and change the buffer 

with the reaction buffer. To improve enzyme stability, after dialysis, 0.5 mM PRPP and 20% 

glycerol were added, and the protein was aliquoted and kept at −20 °C. All the steps were 

performed at 4°C. 

hNAPRT was expressed in E. coli with an N-terminal His-tag and purified as described above. 

The enzymatic reactions were carried out at 37°C in standard reaction mixtures containing 50 



mM Tris-HCl, pH 7.4, 10 mM KCl, 2 mM MgCl2, 100 µM nicotinic acid, 200 µM PRPP, 0.1 

mg/mL purified recombinant hNAPRT, and the test compound at five different concentrations 

ranging from 20 µM to 1000 µM. 

Blank mixtures without compounds but with equal amounts of DMSO were set in parallel and 

their rates fixed as 100% activity. NAPRT was pre-incubated with the compounds for 5 min 

and reactions were started by the addition of the enzyme substrates and stopped after 45 min 

of incubation by heating to 85°C for 3 min. Following centrifugation of the reaction mix, the 

supernatant was analyzed by HPLC by injection into a reverse-phase column (XTerra MS C18 

Column, 125Å, 5 μm, 4.6 × 150 mm, Waters). The eluted species were monitored at 260 nm 

and the peaks of nicotinic acid and nicotinic acid mononucleotide were quantified with 

reference to standard curves. The percentage of nicotinic acid conversion was calculated for 

each reaction and the IC50 values for the active compounds were determined with GraphPad 

Prism 8 software (GraphPad Software, S. Diego, CA, USA). 

 

2.3.4 hNAPRT melting temperature determination 
 

The melting temperature (Tm) of hNAPRT was determined through the differential scanning 

fluorimetry (DSF) technique. Triplicates of 100 μM of each test compound and DMSO were 

added to a 96-well clear bottom BioRad PCR plate. Subsequently, DSF protein buffer, 

containing 5 μM of recombinant hNAPRT protein and 5X SPYRO® Orange (S5692, Sigma-

Aldrich) in 20 mM HEPES pH 7.5, 100 mM NaCl, 10 mM Mg-acetate, and 1 mM DTT was 

added. The plate was sealed and exposed to a temperature gradient from 20 to 95°C in a BioRad 

CFX96 Real-Time System. The fluorescence for each temperature increment was measured at 

465–580 nm with an excitation wavelength of 465 nm. The DSF templates that were provided 

by Niesen et al. were used for data analysis followed by GraphPad Prism 8 for statistical 

analysis of the generated data [64]. 

 

  



3.        RESULTS 
 

 

For the development of NAPRT inhibitors, two main docking-based screenings of large and 

diverse compound libraries were performed. To maximize the chances to identify active 

molecules, one screening was run on the crystal structure conformation of the NAPRT active 

site whereas a suitable protein conformation generated through molecular dynamics simulation 

was used as the receptor in the second screening. For this reason, this section is divided into 

two parts, each describing the most relevant results from each virtual screening and subsequent 

in vitro characterization of the docking hits.  

3.1 In vitro testing of the putative NAPRT inhibitors identified via 
NAPRT crystal structure active site conformation 
 

3.1.1 Effect of compounds on recombinant hNAPRT enzymatic activity 
 

The percentages of NAPRT inhibition for the most potent inhibitors identified through the first 

virtual screening are shown in Table 4. The putative hNAPRT inhibitors and the reference 

inhibitor of NAPRT (2-hydroxynicotinic acid) were assayed at a single concentration of 100 

µM on the recombinant NAPRT. 

 
Table 4. Percentage of enzymatic inhibition at a test compound concentration of 100 µM. 

Code Name NAPRT inhibition (%) 

2-Hydroxynicotinic acid 15.3 

IM4 30.3 

IM11 28.5 

MMB8-2 26.8 

IM8 17.3 

IM10 17.7 

IM13 18.2 

IM18 22.9 

 

Strikingly, 7 compounds exhibited an improved NAPRT inhibition compared to 2-

hydroxynicotinic acid, with the most potent inhibitors (IM4 and IM11) almost doubling the 

activity of the NAPRT substrate analogue. 



In light of these promising results, the inhibitors cited in Table 4 were tested in combinations 

with FK866 on the NAPRT-proficient OVCAR-5 cell line, to discover whether the inhibition 

on the human NAPRT translated, for these specific compounds, into an anticancer activity. 

 

3.1.2 Compounds-mediated sensitization of OVCAR-5 cells to FK866 
 

This assay is set to identify NAPRT inhibitors that are able to replicate the ability of 2-HNA to 

sensitize OVCAR-5 cells to the NAMPT inhibitor, FK866. 

None of the NAPRT inhibitors discovered in section 3.1.1 exerted at a compound concentration 

of 100 µM any degree of sensitization at the range of FK866 concentrations tested. The results 

obtained for the two most potent NAPRT inhibitors are shown in Figure 6.  

 

 

 

 
Figure 6. 2-HNA 100µM subtly sensitizes OVCAR-5 cells to FK866. OVCAR-5 cells were treated during 72h with 

combinations of 2-HNA or test compounds at 100 µM and FK866 ranging from 0 to 100 nM. 

 

As observed, OVCAR-5 cell viability remained essentially invariable at any combination of 

IM4 + FK866 or IM11 + FK866. These were also the results obtained for the other five NAPRT 

inhibitors (MMB8-2, IM8, IM10, IM13 and IM18) (data not shown). 

In contrast, the reference NAPRTi (2-hydroxynicotinic acid) exerts an increasing cell 

cytotoxicity at increasing concentrations of FK866, indicating that 2-HNA inhibits the NAPRT 

enzyme within the cells and sensitizes the otherwise FK866-resistant cell line. 

 



Despite the outcome of the cell assay, the enzymatic activity assay on the recombinant NAPRT 

provides a very interesting result for the most potent inhibitors (IM4 and IM11).  

 

 
 

 
Figure 7. Structure of fragment present in compounds IM4 and IM11 which could be responsible for the activity observed. 

Considering the structures of IM4 and IM11 and the fact that they inhibit NAPRT to a similar 

extent, it is reasonable to think that the moiety shared by them (Figure 7) could be responsible 

for the activity observed and deserves further testing. The fragment contained by both 

inhibitors consists of a benzoic acid with a secondary amide at position 3 (meta- position) and 

it was used as the input structure in substructure searches aimed at discovering NAPRT 

inhibitors with increased activity compared to IM4 and IM11 on OVCAR-5 cells. 

 

3.2 Results for the putative NAPRT inhibitors identified via molecular 
dynamics simulations on NAPRT 
 

In this section the results obtained from the vHTS on the simulated NAPRT are described. A 

comparison of the enzyme active site between the crystal structure and the conformation 

extracted from the molecular dynamics simulation is shown in Figure 8.  

 



 
Figure 8. Superposition of the NAPRT active site conformations employed in the 1st and 2nd vHTS. 

As it can be seen, the active site pocket in the frame extracted from the simulation is 

considerably more open compared to the active site in the NAPRT crystal structure.   

The libraries docked in this second in silico screening contain a large number of diverse small 

molecules and a selection of ligands containing the moiety described in Figure 7. In total, 62 

compounds advanced to in vitro testing. 

The in vitro assays started with experiments on the OVCAR-5 cell line and then continued with 

on-target activity experiments on the recombinant NAPRT. 

 

3.2.1 Sensitization of OVCAR-5 cells to FK866 as in vitro screening of putative 
NAPRT inhibitors 
 

The first assay to test the putative NAPRT inhibitors was based on the principle that NAPRT-

expressing OVCAR-5 cells are resistant to FK866 whereas the simultaneous chemical 

inhibition of NAPRT with 2-HNA renders the cells sensitive to the NAMPT inhibitor due to 

the cooperation between FK866 and 2-HNA in depleting the intracellular NAD pool [26]. It 

was observed that, in line with the work that was conducted by Piacente et al., OVCAR-5 cells 

withstood 72 h treatments with 100 nM FK866 or 1 mM 2-HNA, whereas co-treatment with 

both compounds at the specified concentrations resulted in a marked synergistic effect exerting 

pronounced cell death (Figure 9). Thus, 2-HNA was used throughout the study as a positive 

control in the cell viability assay and any test compound resembling its activity was considered 

a potential NAPRT inhibitor. It is worth mentioning that, to reflect the physiological 



contribution of the Preiss–Handler pathway to NAD biosynthesis, all cell-based assays that are 

presented in this study were performed under a nicotinic acid concentration of 0.3 µM in the 

cell culture medium. 

 

 

Figure 9.  CI of compounds that were tested in combination with FK866 on OVCAR-5 cells. The cells were cultured in RPMI 

1640 medium containing test compounds at a 100 μM concentration with and without 100 nM FK866 and the cell viability 

was determined following 72 h treatments. The data are shown as CI vs. cytotoxicity exerted on cells. Blue dots represent the 

reference NAPRT inhibitor, 2-HNA. Red dots belong to the best performing test compounds. 

Combination index (CI) was used as a measure to determine the degree of interaction between 

FK866 and the test compounds, i.e., to identify potential new NAPRT inhibitors. A CI < 1 

indicates a synergistic interaction between the test compound and FK866 in decreasing cell 

viability. A CI = 1 and a CI > 1 are indicative of an additive and of an antagonistic effect, 

respectively. 

Figure 9 shows that the simultaneous administration of FK866 and 2-HNA produced the lowest 

CI out of all the combinations that were tested (CI = 0.08) and marked cytotoxicity. Among all 

the tested compounds, eight (represented by red dots in Figure 9) were considered to be 

especially interesting for their low CI or their high cytotoxicity when they were combined with 

FK866. Compounds IM 29, IM 43, MMB-128, and MMB-268 exhibited a CI ranging between 

0.62 and 0.82 and high cytotoxicity in combination with FK866 and these results might suggest 

other interactions within the cells while some degree of synergism (CI < 1) with FK866 was 

evident, suggesting the inhibition of the Preiss–Handler NAD biosynthetic pathway. 

Compounds IM 38, IM 49, MMB-131, and MMB-312 produced less pronounced cytotoxicity 

when they were combined with FK866. However, this subset of compounds showed especially 

low combination indexes (0.12 ≤ CI ≤ 0.53) and, therefore, a larger synergism with FK866. 



These eight compounds were all considered promising candidates for NAPRT inhibition and 

were selected for further in vitro assays. 

 

3.2.2 Effect of test compounds on intracellular OVCAR-5 NAD+ levels 
 

The assay that was performed on OVCAR-5 cell viability led to a set of potential NAPRT 

inhibitors, namely IM 29, IM 38, IM 43, IM 49, MMB-128, MMB-131, MMB-268, and MMB-

312. In order to confirm that the cited compounds sensitized OVCAR-5 cells to the NAMPT 

inhibitor FK866 by interfering with NAD biosynthesis, the intracellular NAD+ levels in 

OVCAR-5 cells were quantified after 20 h treatments with these compounds with or without 

FK866. 

As Figure 10 shows, treatment with 30 nM FK866 alone decreased the NAD+ levels by 24%. 

The effect of FK866 was strongly enhanced when the drug was combined with 1 mM 2-HNA, 

yielding an 86 % drop in the intracellular NAD+ concentration, thus evidencing marked 

synergism between the two compounds in depleting NAD+. This observation is in line with the 

fact that the combination of FK866 and 2-HNA achieved the lowest CI and the highest 

cytotoxicity in the cell viability studies. 

 

 

Figure 10. A subset of test compounds cooperates synergistically with FK866 in decreasing intracellular NAD+ levels in 

OVCAR-5 cells. The compounds were administered to cells alone or in combination with FK866 for 20 h. Quantification of 

NAD+ was performed via an enzyme cycling assay and normalized to cell lysate protein content. The results are the mean ± 

SD of two technical replicates with two biological replicates each. *, p < 0.05; **, p < 0.01; ***, p < 0.001 vs. the respective 

control, i.e., FK866-untreated control for the test compounds that were administered alone to cells, and FK866-treated control 

for the combinations of test compound and FK866; §, p < 0.05 versus FK866-untreated, control cells. 



In keeping with the cell viability experiments, the test compounds IM 29, IM 38, MMB-128, 

MMB-131, and MMB-268 were found to mimic the effect of 2-HNA on intracellular NAD+ 

levels and thus represent a set of potential NAPRT inhibitors. Indeed, co-treatments with the 

cited compounds at a 100 μM concentration and 30 nM FK866 produced a marked drop in the 

NAD+ levels (42.9–56.4%). A similar decrease in NAD+ was obtained in response to the 

NAMPT inhibitor combined with compound IM 49. Nevertheless, compound IM 49 by itself 

strongly reduced the OVCAR-5 intracellular NAD+ levels. Therefore, a lower degree of 

synergism was observed between this test compound and FK866. Possibly, IM 49 can interfere 

with other enzyme(s) that are involved in NAD synthesis in addition to hNAPRT. 

Besides the test compounds that effectively cooperate with FK866 in decreasing NAD+ levels, 

the co-administration of compounds IM 43 and MMB-312 with FK866 only yielded additive 

effects in terms of NAD+ reduction in OVCAR-5 cells. As depicted in Figure 10, cotreatments 

with the cited compounds and FK866 did not cause a major reduction of the NAD+ levels. 

These results appear not to be in line with the cell viability assay, where IM 43 exerted high 

cytotoxicity in combination with FK866 in OVCAR-5 cells, while MMB-312 achieved the 

lowest CI value (CI = 0.12) out of all the tested compounds. These results suggest that other 

mechanisms may come into play to justify the synergy between IM 43 or MMB-312 and 

FK866, which need to be addressed in further studies. 

 

3.2.3 On-target activity of test compounds: inhibition of the recombinant hNAPRT 
 

The six test compounds that were found to exert a synergistic effect with FK866 on OVCAR-

5 intracellular NAD+ levels were tested in a biochemical assay with recombinant hNAPRT as 

inhibitors of the enzyme catalytic activity. These inhibition studies resulted in the identification 

of five new hNAPRT inhibitors with IC50 values in the micromolar range. Compound IM 29 

exhibited the highest activity against the formation of nicotinic acid mononucleotide with an 

IC50 of 160 μM (Figure 11). Comparable results were obtained for compounds IM 38, IM 49, 

MMB-128, and MMB-131, with estimated IC50 in the 200–300 μM range. This enzymatic 

assay confirmed that the observed cooperation between FK866 and the tested compounds in 

decreasing OVCAR-5 cell viability and intracellular NAD+ levels was due to the ability of the 

compounds to inhibit NAPRT. Noteworthy, compound MMB-268 showed negligible 

inhibition of NAPRT (data not shown). 

 



 

Figure 11. Compounds IM 29, IM 49, MMB-131, IM 38, and MMB-128 inhibit recombinant hNAPRT in the μM range. The 

test compounds were added at different concentrations to reaction mixtures containing hNAPRT and substrates and the half 

maximal inhibitory concentration (IC50) was obtained for each compound by measuring the amounts of NA and NAMN that 

were present after the reactions. 

 

3.2.4 On-target activity of test compounds: effect on hNAPRT melting temperature 
 

With the purpose to provide support to the results that were obtained in the enzymatic activity 

assay, the ability of the new NAPRT inhibitors to stabilize the protein through binding was 

evaluated via the measurement of the NAPRT melting temperature in the presence or absence 

of the inhibitors at a 100 μM concentration. The resulting Tm shifts are depicted in Figure 12. 

Interestingly, a significant positive shift by approximately 0.5°C in the Tm of hNAPRT was 

induced by compounds MMB-128 and MMB-131, suggesting a certain affinity of the inhibitors 

towards the protein that results in thermal stabilization. On the contrary, the melting 

temperature of hNAPRT remained unchanged when the enzyme was exposed to compounds 

IM 29, IM 38, or IM 49. A plausible explanation for this outcome is that larger compounds are 

more likely to establish a higher number of interactions and thus result in greater stabilization 

of a given protein. Indeed, significant Tm shifts were reached with the two largest inhibitors 

(MMB-128 and MMB-131). 

 

 



 

Figure 12. NAPRT inhibitors MMB-128 and MMB-131 directly engage recombinant hNAPRT. Differential scanning 

fluorimetry (DSF) was used to determine the thermal stabilization of hNAPRT protein upon inhibitor binding. Recombinant 

hNAPRT protein was exposed to 100 μM hNAPRT inhibitors over a defined temperature gradient and the melting temperature 

Tm was calculated for each compound. The data are shown as means ± standard error of the means (SEM) of two technical 

replicates with three biological replicates each. * p < 0.05; unpaired t-test. 

 

3.2.5 Retrospective analysis of the hNAPRT inhibitors binding in the active site 
 

Following the in vitro characterization of the new NAPRT inhibitors, a molecular docking on 

the NAPRT structure was performed to shed light on the binding mode features that are likely 

related to the enzyme inhibition. Docking of compound IM 29 shows that the small and rigid 

molecule binds deep into the active site pocket of hNAPRT and it is stabilized by several 

interactions with protein residues (Figure 13A, B). Remarkably, IM 29 establishes two pi-

cation contacts with ARG318A, a residue that is reported to exert a key role in catalysis that is 

potentially hampered by IM 29 binding [24,25]. The ionization at a physiological pH of the 

amino group of IM 29 appears relevant for engagement and inhibition of hNAPRT. Indeed, the 

carboxylate side chain of GLU167A in proximity to the ammonium moiety of IM 29 indicates 

suitable ligand-receptor electrostatic complementarity and results in a salt bridge and short-

distance hydrogen bond between the cited amino acid and the hNAPRT inhibitor. 

As for compound IM 29, docking into the NAPRT active site provides a favorable binding 

mode for IM 38. Of note, compound IM 38 was selected from the substructure searches inspired 

in compounds IM4 and IM11, identified in the first vHTS. The ligand fits in the active site 

maintaining the inherent planarity of its amide conjugated system, resulting in negligible ligand 

strain. Electrostatic potential mapping of the protein (Figure 13C) shows that the most 

electronegative atoms of the inhibitor are surrounded by positively charged active site residues. 



As for many drug candidates in medicinal chemistry, the affinity of NAPRT towards IM 38 is 

largely explainable by the occurrence of numerous hydrogen bonds upon ligand binding. The 

carboxylate moiety of the ligand is key for its bioactivity, participating in two H-bonds with 

the backbone of NAPRT residues HIS213A and SER214A (Figure 13D). Furthermore, through 

its amide and ether groups, IM 38 establishes several hydrogen bonds with the amino acids 

ARG318A and LEU170A. The latter residue also interacts with the chlorine atom of IM 38, 

albeit the poor directionality of the halogen bond suggests this interaction to be of limited 

relevance. 

 

 

 

Figure 13. Binding mode that is predicted by molecular docking of compounds IM 29 (A,B) and IM 38 (C,D) in the hNAPRT 

active site. The analysis of the docking binding poses was performed on the academic version of Schrodinger Maestro v.2017-

4. Protein is represented in thin sticks whereas ligands are depicted in thick tubes. Hydrogen bonds appear as yellow dotted 

lines. Salt bridges are represented by pink dotted lines. Pi-cation interactions are depicted as green dotted lines and halogen 

bonds are shown as purple dotted lines. 

 

  



4.  DISCUSSION 
 

 

Since NAD depletion emerged as a promising anticancer strategy, most of the research has 

focused on disabling the nicotinamide salvage pathway, which overall represents the main 

route to NAD biosynthesis in mammals. Indeed, several families of potent NAMPT inhibitors 

have emerged over the last decades with encouraging preclinical antitumor efficacy. 

Unfortunately, the expectations on some of these NAMPT inhibitors were not met later in 

clinical trials, which showed limited clinical activity for these compounds. Piacente et al. 

hypothesized that alternative NAD production routes could represent a mechanism of tumor 

resistance to NAMPT inhibitors and demonstrated that the Preiss–Handler pathway gene 

NAPRT is frequently amplified and overexpressed in a subset of human tumors such as 

ovarian, breast, pancreatic, and prostate cancer. In the cited study, targeting NAPRT through 

silencing or chemical inhibition with 2-HNA effectively sensitized NAPRT-expressing cancer 

cells to FK866 both in vitro and in vivo. In addition, the authors highlighted the need to discover 

new NAPRT inhibitors with increased potency with respect to 2-hydroxynicotinic acid and 

other active compounds that date back to the last century. 

This study employs a variety of structure-based drug design approaches coupled to cell and 

enzymatic assays to evaluate the bioactivity of the putative NAPRT inhibitors. 

In the absence of known potent NAPRT inhibitors, the search for active compounds was not 

restricted to a particular scaffold or chemical space. Therefore, the compound libraries 

subjected to the two docking-based virtual screenings comprised large numbers of diverse, 

drug-like compounds. The ultimate goal was to pave the way for the development of a new 

generation of NAPRT inhibitors that improve the potency of the reference NAPRT inhibitor in 

anticancer research, 2-hydroxynicotinic acid. 

The docking hits from the first vHTS resulted in the identification of a few inhibitors with 

similar or better potency compared to 2-HNA on recombinant NAPRT enzymatic activity. 

Of note, these new inhibitors were not able to sensitize the NAPRT-proficient OVCAR-5 cells 

to FK866 in terms of cell viability. This means that the new compounds are not endowed with 

the antitumor activity that characterizes 2-HNA. Having demonstrated on-target activity by 

inhibiting NAPRT, it is hypothesized that:  

1) the test compounds lack cell membrane permeability, i.e., they are unable to inhibit the 

intracellular target (NAPRT).  

2) the test compounds are not stable inside the cell and are degraded. 



Nevertheless, the two most potent compounds (IM4 and IM11) from this pool of newly 

identified NAPRT inhibitors happen to share an interesting fragment in their structure that is 

probably responsible for the inhibitory activity on NAPRT. Thus, this fragment was subjected 

to substructure search to discover molecules that at least maintain the inhibitory activity of IM4 

and IM11 on NAPRT while enhancing the cytotoxicity on the OVCAR-5 cell line. 

Molecular dynamics simulations were run on NAPRT to generate the docking grid around the 

enzyme active site for the second docking-based virtual screening. This provided a suitable 

NAPRT active site conformation that constitutes an alternative to the NAPRT crystal structure. 

The in silico hits from this second screening were experimentally tested through a workflow 

of in vitro assays that prioritized the early identification of compounds that recapitulated the 

effects of 2-HNA on OVCAR-5 cells. Accordingly, the first assays quantified the effects of 

compounds on cell viability and intracellular NAD+ levels. Then, the on-target activity on the 

recombinant NAPRT was demonstrated by enzymatic assays and binding to NAPRT was 

assessed through measurements of the NAPRT melting temperature (Tm). 

A total of eight compounds (Table 5) demonstrated synergism along with FK866 in decreasing 

cell viability, suggesting an impairment of the Preiss–Handler pathway. Most of these hits also 

showed the ability to cooperate with FK866 synergistically to decrease intracellular NAD+ 

levels in OVCAR-5 cells. Specifically, such an effect on intracellular NAD+ was observed in 

response to six compounds (IM 29, IM 38, IM 49, MMB-128, MMB-131, and MMB-268) 

when these were combined with FK866. Conversely, two compounds (IM 43 and MMB-312) 

showed promising results in the cell viability assay but failed to cooperate with FK866 to lower 

the NAD+ levels, suggesting that their antitumor effect may reflect an off-target activity.  

Out of the six compounds that moved on to the next assay, five of them (IM 29, IM 38, IM 49, 

MMB-128, and MMB-131) showed inhibitory properties against hNAPRT with IC50 in the 

micromolar range. A remarkable result is that IM 38 is a product of the substructure searches 

effectuated on the previously identified IM4 and IM11 (see Table 6 for structures). As desired, 

IM 38 maintained the inhibition on NAPRT and most importantly, was able to exert anticancer 

effects on OVCAR-5 cells. The suitability of the sequence of assays conducted is supported by 

the fact that only one compound (MMB-268) out of the pool of candidates that exerted 

NAPRTi-like behavior in cell assays failed to inhibit hNAPRT enzymatic activity. Finally, the 

capability of the hNAPRT inhibitors herein identified to confer thermal stability to hNAPRT 

was investigated by DSF. Direct engagement of compounds MMB-128 and MMB-131 to 

NAPRT was confirmed by positive shifts in the protein melting temperature when exposed to 

the inhibitors. An explanation for the lack of significant results for the other NAPRTi (IM 29, 



IM 38, and IM 49) in the Tm assay might reside in the composition of the incubation mixture. 

In fact, the assay was performed in the absence of the natural NAPRT substrates. This means 

that the inhibitors that possess a mechanism of action in which substrate binding is necessary 

for posterior inhibitor binding, will not show activity in the conditions of the assay. 

As shown in Table 5, in summary, the reported findings broaden the chemical space of known 

hNAPRT inhibitors and pave the way for the identification of new NAD-lowering anticancer 

drugs targeting NAPRT-expressing malignancies. The new hNAPRT inhibitors described are 

able to inhibit the recombinant NAPRT enzyme with comparable or improved potency versus 

2-HNA. The compounds also show synergy with FK866 in decreasing OVCAR-5 cell viability 

and NAD+ content. Moreover, the new NAPRT inhibitors are characterized by a low molecular 

weight and, thus, are susceptible to undergo optimization studies to increase their activity 

through structure modifications. 

 

Table 5. Advancement of the best NAPRTi identified in the sequence of in vitro assays. Green = desired activity. Red = 

insufficient activity/not tested. 

Compound Cell viability (OVCAR-5) NAD+ 

depletion+FK866 

(%) 

NAPRT 

IC50 (µM) 

∆Tm 

(˚C)  CI Cytotoxicity+FK866 

(%) 

IM 29 0.73 46 56 160 0.01 

IM 38 0.29 26 55 265 0.12 

IM 43 0.62 52 32 Not tested Not 

tested 

IM 49 0.53 33 72 232 -0.22 

MMB-128 0.82 46 43 327 0.5 

MMB-131 0.35 11 58 242 0.38 

MMB-268 0.75 59 54 No 

inhibition 

Not 

tested 

MMB-312 0.12 44 31 Not tested Not 

tested 

 

 

 

 

 

 

 

 

 

 



Table 6. Chemical structures of the best NAPRTi discovered and inhibitors IM4 and IM11. 

Best NAPRT inhibitors identified Structure 

 

 

IM 29 

 

 

 

MMB-128 

 
 

 

IM 38 

 
 

 

 

MMB-131 

 
 

 

IM 49 

 

 

 

 

IM4 

 

 

 

 

IM11 
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