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I LITERATURE SECTION 

 

1. Introduction 

 

Diphtheria toxin-like human ADP-ribosyltransferase 3 (ARTD3) is one of the 18 members 

of the diphtheria toxin-like human ADP-ribosyltransferase (ARTD) superfamily of 

enzymes (Schreiber et al. 2006; Hottiger et al. 2010). Some ARTDs have polyADP-

ribosylation (PARsylation) activity, some are limited to monoADP-ribosylation 

(MARsylation) and some are currently deemed inactive (Hottiger et al. 2010). ARTD3 has 

been a point of contention when it comes to activity: there are reports of both MARsylation 

and PARsylation within the field (Augustin et al. 2003; Loseva et al. 2010). ARTD3 shares 

extensive homology with ARTD1 and ARTD2, both of which are polymerases (Lehtiö et 

al. 2009). 

ADP-ribosylation is a post-translational modification whereby one or multiple 

ADP-ribose molecules are covalently linked to a target protein or the enzyme itself through 

automodification (Schreiber et al. 2006). ARTDs utilize nicotinamide adenine dinucleotide 

(NAD+) as a substrate to produce either monomeric or elongated ADP-ribose chains with 

nicotinamide formed as a by-product. The role of many ARTDs and ADP-ribosylation have 

been reported in DNA damage repair pathways and the maintenance of genomic stability 

(De Vos et al. 2012). ARTD3 has been shown to be specifically activated by DNA with 

double-strand breaks in vitro, with 5’ phosphorylated overhangs stimulating activity to a 

greater extent than blunt ends. The role of ARTD3 in vivo DNA repair, however, remains 

unelucidated. It has been strongly implicated that ARTD3 could facilitate non-homologous 

end-joining (NHEJ) through PARsylation of key proteins in the pathway and thus help 

maintain genomic integrity. (Rulten et al. 2011) 

The blocking of DNA repair in cancer treatment is key to successful therapy. 

Understanding the function of enzymes involved in DNA repair is therefore a top priority 

in cancer research. To study these enzymes, inhibitor compounds of varying characteristics 

are required. In this study, an enzymatic assay utilizing NAD+ as a substrate was used to 

screen two libraries with ARTD3, consisting of a total of 918 compounds. Compounds that 

provided sufficient inhibition in the initial screen were validated as hits in a counter-screen 



2 
 

2 
 

at 10 µM compound concentration. Compounds verified as hits were further characterized 

with fluorescence polarization (FP), differential scanning fluorimetry (DSF) and half-

maximal inhibitory concentration (IC50) measurements to determine their mechanism of 

inhibition. 
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2. Review of the literature 

 

2.1 Superfamily of diphtheria toxin-like human ADP-ribosyltransferases 

 

The ARTD superfamily of enzymes consists of 18 proteins. Their mechanism of function ranges 

from mono- to polyADP-ribosylation to presumably inactive. The roles of many ARTDs are 

still unknown, but the characterized members of this superfamily are involved in the 

maintenance of genomic stability, DNA damage repair, cell death pathways and more. (Amé et 

al. 2004). 

ARTDs mediate their role within the cell via ADP-ribosylation. This reversible 

covalent post-translational modification utilizes NAD+ as substrate to form chains of polyADP-

ribose (PAR). ADP-ribosyl moieties are cleaved from NAD+ and attached onto glutamate, 

lysine, cysteine or aspartate residues on target proteins. These target proteins can be the enzyme 

itself (automodification) or other cellular proteins (heteromodification). PAR chains can be 

over 200 units long and they can contain multiple branching points. Multiple enzymes in the 

ARTD superfamily have been implicated as drug targets, including ARTD1, ARTD2, ARTD3, 

ARTD5 (Tankyrase-1) and ARTD6 (Tankyrase-2). (Citarelli et al. 2010) 

ARTD1 is the most studied and understood member of the enzyme family, and 

comparison with ARTD1 has driven research into other ARTD family members. This study of 

the literature field focuses on the very recently discovered ARTD3. Many aspects of ARTD3’s 

role and function within the cell are still unknown, although it has been strongly implicated to 

play a role in DNA repair, namely double-strand break repair (Rulten et al. 2011; Beck et al. 

2014). The structure and function of ARTD3 will be explored in this literature review and its 

similarities and differences in relation to ARTD1 will be highlighted. It should be noted that 

ARTDs are commonly referred to as polyADP-ribose polymerases (PARPs) in literature. 

However, due to the nature of this superfamily consisting of both poly- and monotransferases 

as well as presumably inactive enzymes, the unified ARTD nomenclature proposed by Hottiger 

and co-workers (2010) was adopted. 
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2.1.1. Structure of diphtheria toxin-like human ADP-ribosyltransferase 3 

 

ARTD3 shares considerable structural homology with ARTD1. ARTD1 is a 113 kDa protein 

consisting of 1,014 amino acids (Putt & Hergenrother, 2004). The enzyme is modular in nature, 

consisting of multiple domains. The N-terminus contains three zinc-finger (Zn) domains which 

are involved in recognition of DNA structures as well as both single-strand breaks (SSB) and 

double-strand breaks (DSB). The BRCT domain contains a BRCT motif commonly found in 

DNA damage repair and cell cycle checkpoint proteins. The WGR domain containing a 

tryptophan, glycine and arginine motif mediates interactions between Zn1, Zn3, catalytic region 

(CAT) and DNA bound by the enzyme. The CAT fragment itself consists of two subdomains: 

the ART which contains the nicotinamide binding cleft and is conserved across the ARTD 

superfamily, and the helical subdomain (HD) involved in regulation of enzyme activity. 

(Schreiber et al. 2006; Langelier et al. 2012) 

 ARTD3 is considerably smaller compared to ARTD1, consisting of 533 amino 

acids with a mass of 63 kDa (Langelier et al. 2014). ARTD3 contains three distinct domains 

and one unfolded region: a small (54 residues) unordered N-terminal region consisting of a 

centrosomal localization signal, a WGR domain and the CAT region containing ART and HD 

domains (Amé et al. 2004; Hottiger et al. 2010). ARTD3 also has a secondary splicing variant 

that lacks the exon containing the centrosomal localization signal, leading to the accumulation 

of this variant in the nucleus. A comparison of the domains between ARTD1 and ARTD3 is 

shown in Figure 1. 
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Figure 1: The domain architecture of ARTD1 and ARTD3. The following domains/subdomains 

are indicated: DNA binding zinc-finger domain (Zn), BRCT domain containing the BRCT 

motif commonly found in repair and cell cycle regulatory proteins (BRCT), DNA-binding 

regulatory domain containing a central tryptophan, glycine, arginine motif (WGR), helical 

subdomain involved in regulation of ARTD activity (HD), catalytic domain containing the 

nicotinamide binding cleft (ART) and unordered N-terminal region harboring a centrosomal 

localization signal (N). 

 

ARTD3 shares extensive homology with ARTD1, most notably a 35% identity between the 

CAT fragments. There are only minor differences in the 3D structure of the nicotinamide 

binding cleft, mainly having to do with the loops surrounding the active site which results in a 

more open binding pocket for ARTD3 compared to ARTD1. The majority of the active site 

residues are conserved between ARTD1 and ARTD3 and two tyrosine residues (Tyr425 and 

Tyr414) within the binding pocket have been shown to form key stacking interactions with 

multiple inhibitor compounds in crystal structures. The catalytic fragment of ARTD3 is shown 

in Figure 2. (Lehtiö et al. 2009) 
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Figure 2: The catalytic fragment of ARTD3. Tyrosine residues Tyr414 and Tyr425 involved in 

traditional inhibitor binding are labeled alongside the D-loop which resides in a more open 

conformation compared to ARTD1. The helical subdomain regulating ARTD activity is colored 

in blue and the ART domain containing the nicotinamide binding cleft is colored in red to 

yellow. Image created with Open Source PyMOL Molecular Graphics System version 1.6.X. 

 

2.1.2. Role and function of diphtheria toxin-like human ADP-ribosyltransferase 3 in DNA 

repair 

 

ARTD1 and ARTD3 are both activated by damaged DNA. While ARTD1 responds to both 

SSBs and DSBs, ARTD3 has been shown to specifically respond to DSBs (D’Amours et al. 

1999; Rulten et al. 2011; Beck et al. 2014; Langelier et al. 2014). Among the many speculated 

roles for ARTD1, the enzyme has been shown to play a key role in the maintenance of genomic 
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integrity (de Murcia et al. 1997; Wang et al. 1997). This is achieved through interaction, either 

physical or through PARsylation, of various partner proteins including histones, 

topoisomerases I and II, DNA helicases and factors involved in single-strand break repair and 

base-excision repair (Schreiber et al. 2006). 

 ARTD3 has been shown to interact with the double-strand break repair (DSBR) 

histone chaperone protein APLF in the sites of laser-induced DNA damage. APLF is a protein 

that has a direct link to the NHEJ DNA repair pathway (Rulten et al. 2011). Further evidence 

as to ARTD3’s role in NHEJ was provided by Beck and co-workers (2014) whereby they 

showed the PARsylation of NHEJ regulator Ku70-Ku80 heterodimer by ARTD3 during 

chemotoxic inducement of DSBs. Silencing of the ARTD3 gene during this process showed an 

increase in DNA end resection which promotes the mutagenic alternative end-joining (A-EJ) 

pathway as opposed to the genomic integrity preserving NHEJ. It is believed that ARTD3 plays 

a role in maintaining both APLF and Ku70-Ku80 to promote the accurate NHEJ over A-EJ in 

DSB repair, though the exact molecular mechanics of this process remain unknown. (Beck et 

al. 2014) 

ARTD3 has also been shown to localize to the daughter centriole during the G1/S 

phase of mitosis together with ARTD1. It has been proposed that these two enzymes work in 

conjunction in an ultimate cell division checkpoint when it comes to surveillance of DNA 

damage during mitosis, but no evidence of this has been provided (Augustin et al. 2003). 

 

2.2. Chemical probes for diphtheria toxin-like human ADP-ribosyltransferases 

 

Chemical probe is a relatively loose concept referring to small molecule compounds used in the 

investigation of the structure and function of enzymes. According to Frye (2010), chemical 

probes should fulfill certain criteria for them to be considered high quality. These principles 

are: (i) sufficient in vitro potency and selectivity data in order to compare the probe’s in vitro 

profile to its in vivo profile; (ii) an activity assay with the probe and its target should show the 

mechanism of action through a dose-dependent response; (iii) chemical and physical data 

regarding the probe should be sufficient so the structure of the probe can be used in interpreting 

the results of the assay; (iv) there should be data regarding the probe’s activity in the cell, 

allowing a hypothesis to be made about the probe and its effects on the cell and its environment 
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and (v) the probe should be readily available for the academic community with no restrictions 

on use. (Frye, 2010) 

 Chemical probes or drugs designed to bind a specific target can showcase 

promiscuity in their binding, affecting multiple protein targets besides the one originally 

intended. Despite being generally considered a downside, this promiscuity can often be a key 

contributing factor to the efficacy of a drug on complex diseases such as cancer. This 

polypharmacology can either be therapeutic (promiscuous binding is key to the efficacy of the 

drug) or adverse (non-specific binding causes side effects). Polypharmacology, whether 

positive or negative, is expected to occur at both inter- and intra-family level when the 

compound has poor target specificity. Poor ligand specificity can be affected by multiple 

factors, including molecular weight, large conformational flexibility, poor ligand complexity 

and the presence of a basic moiety. (Liscio et al. 2013) 

 The design of ARTD inhibitors has traditionally revolved around the 

nicotinamide moiety as this is the major binding component of NAD+, the natural substrate of 

ARTDs. However, alternative drug design targeting the D-loop surrounding the nicotinamide 

binding pocket and the region of the active site responsible for binding adenine are also being 

explored. (Narwal et al. 2012; Larsson et al. 2013) 

 The purpose of ARTD inhibition, among others, is to block the repair of DNA 

damage. ARTD1 inhibition has been shown to cause synthetic lethality in BRCA-deficient cell 

lines via accumulation of DNA lesions (Farmer et al. 2005). Besides a single agent approach, 

ARTD inhibitors have also been used in clinical cancer trials together with DNA damage 

inducing chemotherapeutics. Some of these drugs include platinum based DNA damaging 

agents cisplatin, carboplatin and oxaliplatin and topoisomerase inhibitors camptothecin and its 

derivatives. (Tangutoori et al. 2015) 

 

2.3. High-throughput screening 

 

High-throughput screening (HTS) is used in drug discovery to quickly test large libraries of 

compounds for activity in various areas of biology. HTS involves the use of robotics and is 

often defined as testing of 10,000 to 100,000 compounds per day, but many of the principles of 

HTS can also be applied to smaller scale, non-roboticized screening assays. A typical HTS 
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assay differs from a bench top laboratory experiment in many ways, including a low number of 

steps consisting of simple operations, low assay volume (<100 µl), use of a single reagent batch, 

roboticized reagent handling, variables only in compounds tested and their concentration, use 

of microtiter plates instead of tubes, short assay time (minutes to hours) and analysis of all data 

acquired utilizing unified statistical criteria. (Inglese et al. 2007) 

 

2.3.1. Design of enzymatic assays for high-throughput screening 

 

There are several factors to consider when designing an assay for HTS: The time of the reaction 

and reagents used, both of which are dictated by the biological system under investigation. 

Stimulus within the system should ideally only be caused by the compound being tested, but in 

some systems the presence of an agonist or antagonist can also affect the response. An HTS 

assay should have high sensitivity to allow the identification of low potency compounds, and it 

should be reproducible and stable across both screening plates and days over the period of the 

screening process. (Inglese et al. 2007) 

 The repeatability of an HTS assay needs to be validated before the assay can be 

applied for screening. Validation consists of two main parts: performance and sensitivity. The 

Z´-factor gauges the fold response between the maximum and minimum signals and is used as 

a measure of robustness of the primary assay signal on a plate-to-plate, day-to-day and well-to-

well basis. The parameter’s unitless scale from 0 to 1 makes it possible to compare separate 

assays with each other based on their Z´-factor. A Z´-factor of >0.5 represents an acceptable 

assay. (Zhang et al. 1999; Inglese et al. 2007) 

 The sensitivity of an enzymatic HTS assay is the ability of the assay to accurately 

represent the percent inhibition of a compound under screening conditions. In enzymatic assays, 

sensitivity is determined by substrate conversion. Moving above 10% substrate conversion will 

cause a loss of sensitivity whereby the inhibitory potency of a compound will be observed as 

weaker than it actually is, potentially moving the compound above the hit limit as a false 

negative. However, low substrate conversion will result in a narrow signal window between the 

maximum and minimum signals, leading to a lower Z´-factor and weak assay robustness. 

Therefore, assay sensitivity is often compromised in favor of a more robust assay. Furthermore, 

as long as substrate conversion is kept <90% and the reaction progression curve follows first-
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order kinetics, most enzymatic assays will retain their ability to detect even weak inhibitors 

during HTS. (Wu et al. 2003)  

 

2.3.1.1. Enzymatic assays for diphtheria toxin-like human ADP-ribosyltransferases 

 

Development of robust HTS assays for ARTDs has been challenging. Radioactively labeled 

NAD+ has been utilized by commercial assay kits, but the use of these kits for HTS approaches 

has been hampered by the need to separate the PARsylated product from the radiolabeled 

substrate. Several alternative assays have been developed: Decker and co-workers (1999) 

described an enzyme-linked immunosorbent assay (ELISA) for ARTD1 with high sensitivity 

that utilizes mouse antibodies for the detection of PARsylation. Cheung and Zhang (2000) 

developed a scintillation proximity assay (SPA) which resolved the problem of substrate and 

product separation of commercial assays via the use of biotinylated radiolabeled NAD+ which 

excited streptavidin-coated scintillation beads used for signal creation. A colorimetric assay 

removing the radioactive aspect has also been used whereby ARTD1 is immobilized on an 

ELISA plate and biotinylated NAD+ is used for PARsylation and the signal is detected by 

measuring optical density at 410 nm (Brown & Marala, 2002). 

 All of the assays described above have their flaws. Many of them contain 

immobilization steps which are time-consuming, in addition to multiple washing steps. The use 

of radioactive labels complicates an assay as special measures need to be taken when it comes 

to work safety and laboratory premises, and antibodies tend to have high variance when 

different batches are used. Putt and co-workers (2003) described a different ARTD enzymatic 

assay that utilizes the conversion of NAD+ into a fluorophore via treatment with acetophenone, 

potassium hydroxide, formic acid and heating, thus allowing the remaining NAD+ left over after 

the enzymatic reaction to be quantified with a plate reader. The amount of NAD+ consumed in 

PARsylation during the assay can thus be used as a measure of the enzyme’s activity. (Putt & 

Hergenrother, 2004) 

 The assay described by Putt and co-workers has since been adopted for other 

ARTDs. Narwal and co-workers (2012) adopted the ARTD1 enzymatic assay for human 

tankyrases with minimal changes consisting mainly of buffer changes and increased substrate 

conversion. The same format has also been used for mono-ARTDs by Venkannagari and co-
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workers (2013), who further simplified the assay by removing the heating steps involved in the 

conversion of NAD+ to fluorophore, showing that it is possible to carry out the reaction in room 

temperature (RT) at low substrate concentrations. While the assay described above has its 

downsides when it comes to HTS, such as the fluorophore conversion reaction having to be 

carried out in a fume hood, it is one that is suited for HTS-like approaches. The removal of 

radioactive labels and expensive reagents such as antibodies and biotinylated NAD+ lead the 

way towards the development of even better HTS assays for ARTDs. 
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II EXPERIMENTAL PART 

 

3. Aims of the Project 

 

The purpose of the project was to adopt an enzymatic assay previously described for various 

members of the ARTD superfamily for ARTD3. This HTS –like assay would then be utilized 

to screen ARTD3 with two libraries of various compounds in order to discover new chemical 

probes for the enzyme. The discovery of a selective ARTD3 inhibitor with inhibitor potency in 

the nanomolar range was considered to be the best case scenario, but finding interesting 

compounds for further research and development was deemed an acceptable result. 

 The project consisted of: (i) successful production and purification of ARTD3; 

(ii) optimization and validation of ARTD3 screening assay; (iii) screening of 32 known ARTD 

inhibitors; (iv) screening of two random compound libraries and (v) characterization of hit 

compounds. The discovery of new and varied inhibitor compounds is crucial for gaining further 

insight into the function and role of the ARTD family of enzymes. 
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4. Materials and Methods 

 

4.1. Protein expression 

 

The ARTD3 full-length construct in pNH-trxt vector with an N-terminal 6 x His-tag and a TEV-

protease cleavage site (MHHHHHHSSGMSDKIIHLTDDSFDTDVLKADGAI 

LVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLF

NGEVAATKVGALSKGQLKEFLDANLAGTENLYFQ*SM) was provided by project co-

supervisor Ezeogo Obaji. The ARTD3 catalytic domain in pNIC-BSA was previously purified 

and provided by Ezeogo Obaji. 

 The full-length ARTD3 was expressed in Escherichia coli DH5α cells. Some 

frozen cells were inoculated from the glycerol stock into 100 ml of Lysogeny Broth (LB) media 

and grown overnight at +37 oC on shaker with 34 µg/ml chloramphenicol and 100 µg/ml 

kanamycin as selection markers. From the pre-culture, four 500 ml Terrific Broth (TB) 

autoinduction media cultures with 8 g/l glycerol were prepared with the same selection markers. 

5 ml of the pre-culture was used per cell culture, with OD600 starting at 0.025. The cultures were 

grown at +37 oC on shaker at 180 rpm until OD600 reached 1.7. The temperature was reduced 

to 22 oC and the cultures were grown for 22 h. After this, the cells were harvested by 

centrifuging at 4200 rpm with a Beckman JS-4.2 rotor at +4 oC for 45 min. The cell pellets were 

suspended in lysis buffer (50 mM HEPES pH 7.4, 500 mM NaCl, 0.5 mM TCEP, 10% glycerol, 

10 mM imidazole) and stored at -20 oC. 

 

4.2. Protein purification 

 

 A set of chromatographic methods utilizing the positively charged His-tag and the 

size of the protein construct were used to purify ARTD3. The purity of the protein was verified 

with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 
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4.2.1. Cell lysis 

 

Two aliquots (half of the produced cells) were thawed at RT. Lysis buffer was added to a final 

volume of 45 ml in both aliquots. In order to lyse the cells and block protease activity, DNase, 

lysozyme and Pefabloc protease inhibitor (Sigma-Aldrich, US) were added to a final 

concentration of 0.02 mg/ml, 0.1 mg/ml and 0.1 mM respectively and the cells were incubated 

for 10 min on a mixer at RT. The cells were lysed via sonication (Branson Digital Sonifier 250, 

Branson Ultrasonics Corporation, US) at 45 % amplitude for a total of 2 min in 5 s cycles with 

10 s cooling in-between pulses. The lysed cells were collected via centrifugation at 16 000 rpm 

with a Thermo Scientific F21-8x50y rotor, +4 oC for 30 min. The supernatant was collected and 

filtered through a 0.45 µm syringe filter. 

 

4.2.2. Immobilized metal ion affinity chromatography 

 

Immobilized metal ion affinity chromatography (IMAC) was used to separate 

ARTD3 from the rest of the proteins in the lysate. A 5 ml HisTrap HP (GE Healthcare, GB) 

nickel-nitrilotriacetic acid (Ni-NTA) ion affinity column was used, pre-charged with Ni2+ and 

equilibriated with lysis buffer. The nickel ions in the column’s matrix bind the His-tag of 

ARTD3 with high specificity and affinity while allowing impurities to pass through the column. 

 A BioRad Biologic DuoFlow system pump (Bio-Rad Laboratories Inc., US) was 

used for IMAC. The column was connected to the system and washed with lysis buffer. A linear 

gradient with lysis buffer starting at 100% and elution buffer (50 mM HEPES pH 7.5, 500 mM 

NaCl, 0.5 mM TCEP, 10% glycerol, 300 mM imidazole) starting at 0% was used to elute the 

protein at 2.0 ml/min flow-rate for a total volume of 80 ml. 1 ml fractions were collected and 

the eluted fractions containing ARTD3 were determined from the chromatogram peak, pooled 

together and taken to heparin chromatography. 
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4.2.3. Heparin chromatography and His-tag cleavage 

 

Heparins are negatively charged polysaccharides which have the ability to bind a wide variety 

of proteins (Xiong et al. 2008). Heparin chromatography was utilized to separate ARTD3 from 

any residual DNA as the negatively charged DNA molecules are unable to bind the similarly 

negatively charged heparins. The NaCl concentration of the purified protein was diluted to 

around 200 nM in order to match the conditions of heparin chromatography by slowly adding 

50 mM HEPES, 10% glycerol pH 7.4. The sample was loaded into a 5 ml HiTrap Heparin HP 

(GE Healthcare, GB) column equilibriated with heparin buffer A (50 mM HEPES pH 7.4, 0.5 

mM TCEP, 10% glycerol, 200 mM NaCl) and connected into a BioRad Biologic DuoFlow 

system pump. A linear gradient starting at 100% heparin buffer A and 0% heparin buffer B (50 

mM HEPES pH 7.4, 0.5 mM TCEP, 10% glycerol, 1000 mM NaCl) was used to elute ARTD3 

from the column. Flow-rate used was 2 ml/min for 80 ml, with 1 ml fractions collected. The 

fractions containing the protein were determined from the chromatogram peak, pooled together 

into a Falcon tube and Nuclear Inclusion a protease from tobacco etch virus (TEV) was added 

in a 1:30 ratio (1 µM TEV to 30 µM ARTD3) in order to cleave the His-tag from the protein. 

The sample was incubated on ice overnight at +4 oC. Due to previous complications with TEV 

cleavage during ARTD3 purification, the sample was incubated for another night at +4 oC. 

 

4.2.4. Reverse immobilized metal ion affinity chromatography 

 

Reverse IMAC is used to separate the affinity tag of a protein construct from the desired final 

protein. In this case, cleavage by TEV was utilized to cut the 6 x His-tag from the ARTD3 

construct. The TEV protease contains a His-tag of its own and was separated from ARTD3 by 

binding both the TEV and the cleaved His-tag of ARTD3 into a Ni-NTA column while the 

protein was eluted straight through and collected. The His-tag containing TEV was produced 

in the Lari Lehtiö research group. 

After TEV cleavage, the sample was filtered through a 0.45 µm syringe filter. 

Reverse IMAC was prepared by pipetting 3 ml of Superflow Ni-NTA (Qiagen, NL) matrix into 

a column. The matrix was washed with 0.4 M NaOH and H2O. Reverse IMAC buffer (50 mM 

HEPES pH 7.4, 0.5 mM TCEP, 10% glycerol, 600 mM NaCl, 15 mM imidazole) was used to 
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equilibriate the column. Imidazole was added to the protein sample to a final concentration of 

15 mM in order to block unspecific binding of ARTD3 into the Ni-NTA column. The sample 

was slowly eluted through the column after which the column was washed twice with 4.5 ml of 

reverse IMAC buffer. His-tag and remaining protein that had bound the column were eluted 

with 8 ml of IMAC elution buffer into a separate tube for reference. 

 

4.2.5. Gel filtration chromatography  

 

Gel filtration chromatography is used to separate proteins by size. The porous material of the 

gel filtration column allows larger molecules to pass through faster while smaller molecules 

take longer to elute due to travelling through the tunnel-like material of the matrix. 

 The sample from reverse IMAC was concentrated down to 3 ml using an Amicon 

Ultra Centrifugal Filter 30 kDa concentrator (Millipore Corporation, US) washed with H2O and 

pre-equilibriated with reverse IMAC buffer. The concentrated sample was divided into two and 

loaded into a HiLoad Superdex 200 pg 16/200 gel filtration column (GE Healthcare, GB) pre-

washed overnight with H2O and equilibriated with gel filtration buffer (20 mM HEPES pH 7.5, 

100 mM NaCl, 10% glycerol, 4 mM MgCl2, 0.5 mM TCEP). Utilizing a flow-rate of 1 ml/min, 

ARTD3 was eluted from the column. Fraction collection was started at 45 ml and the column 

was eluted for a total volume of 90 ml. The chromatogram peaks were used to determine the 

fractions containing ARTD3 and the samples were combined and concentrated down to 1.25 

ml and moved into an Eppendorf tube. The sample was centrifuged at 14 000 rpm with an 

Eppendorf FA-45-24-11 rotor at +4 oC for 10 min at which point precipitate was observed in 

the bottom of the tube. The sample was moved to another Eppendorf tube avoiding the 

precipitate. The final protein concentration (159 µM) was calculated using absorbance at 280 

nm and the extinction coefficient of ARTD3 acquired by entering the construct sequence into 

the ProtParam tool (www.expasy.org). The protein was divided into 10 µl aliquots and flash 

frozen in liquid nitrogen and stored at -70 oC. 
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4.2.6. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is utilized to separate 

biomolecules according to their size and charge. Detergent SDS is used to denature the proteins 

so that their conformation has no impact on the results. In addition, SDS causes an even 

distribution of charge on proteins in relation to the proteins’ mass, allowing the separation to 

happen according to approximate size. (Rath et al. 2009) 

 Samples taken from various steps during protein purification were analyzed via 

SDS-PAGE. 4-20% Mini-PROTEAN TGX Precast Gels (Bio-Rad Laboratories Inc., US) were 

used for the electrophoresis and Precision Plus Protein All Blue Standards (Bio-Rad 

Laboratories Inc., US) was used as control. The electrophoresis was carried out for 40 min at 

160 V at constant voltage. 

 

4.3. Activity assay 

 

An assay previously described for ARTD1 and various other ARTDs (Putt & Hergenrother, 

2004; Narwal et al. 2012; Venkannagari et al. 2013) was adapted and utilized for the screening 

of inhibitor compounds for ARTD3. The activity of ARTD3 can be determined from a 

fluorophore that is chemically converted from unused NAD+. Thus, the remaining fluorescence 

after the assay is finished can be compared to a control without protein, and the amount of 

NAD+ consumed is a measure of the enzymatic activity of ARTD3. 

 U-shaped black polypropylene 96-well plates (Greiner BioOne, DE) were used to 

carry out all of the reactions. The final volume for all reactions was 50 µl and they were 

conducted at RT with shaking at 300 rpm on a Biosan PST-60 HL plus plate shaker (Biosan, 

LV). The reactions were stopped and remaining NAD+ converted to fluorophore by addition of 

20 µl 20% acetophenone in ethanol and 20 µl 2 M potassium hydroxide and incubating for 10 

min at RT. After this, 90 µl of 100% formic acid was added and the plates were incubated for 

20-60 min at RT. The conversion of NAD+ into fluorophore was carried out in a fume hood. As 

with Venkannagari and co-workers (2013), the original assay was modified to remove the 

heating step at 110 oC. Similarly, the incubation at +4 oC after addition of acetophenone and 

potassium hydroxide was changed to a simple incubation at RT as this didn’t affect the reaction 
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at low NAD+ concentrations (Venkannagari et al. 2013). The plates were covered with sealing 

tape during the reaction and a polystyrene cover during conversion to fluorophore to avoid 

evaporation. The fluorescent signals were measured with Tecan Infinite M1000 Pro (Tecan, 

CH) with excitation wavelength at 372 nm and emission wavelength at 444 nm. The controls, 

which had the maximal signal value, were set as 0% conversion and were used to calculate the 

substrate conversion from the minimal signal values in the reaction wells to evaluate the activity 

of the protein and the effects of any compounds within the well on said activity. A blank was 

also placed on every plate which contained only reaction buffer, and this signal was subtracted 

from the maximal and minimal signal values before any calculations were made. 

 

4.3.1. Optimization of assay conditions 

 

The assay buffer and its components for the ARTD3 assay had previously been optimized by 

project co-supervisor Ezeogo Obaji. The remaining parameters such as the amount of substrate 

to be used, protein concentration, incubation time and ARTD3 sensitivity to dimethyl sulfoxide 

(DMSO) were determined. 

 The optimized screening conditions were resolved to be the following: 100 mM 

PIPES pH 7.0, 10 mM MgCl2, 20 ng/µl activated DNA, 2 µM NAD+, 200 nM ARTD3. 

 Towards the end of the screening process 0.3 mg/ml BSA was added into the 

reaction to reach sufficient conversion due to a change in the batch of activated DNA used. 

 

4.3.1.1. Optimization of substrate concentration, protein concentration and reaction time 

 

The amount of protein and NAD+ used and the reaction time for the assay were set so the 

reaction would reach around 60-70% conversion. This will result in a robust screening assay 

while not compromising assay sensitivity (Inglese et al. 2007). NAD+ concentration was tested 

at a range of 1.5 µM to 5.0 µM and a concentration low enough to provide good sensitivity to 

competitive inhibitors while also providing a strong signal was chosen. For protein 

concentration and incubation time, protein concentrations at 50 nM, 100 nM and 200 nM were 

tested whereby protein was added every 30 min into a new set of wells to inspect the effect of 
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time on substrate conversion. All reactions were done with separate controls and reactions in 

quadruplicates. 

 

4.3.1.2. Dimethyl sulfoxide tolerance test 

 

The library of inhibitor compounds to be screened was diluted in DMSO. An assay to determine 

the potential effects of DMSO on ARTD3 activity was conducted. Utilizing the optimized 

screening conditions, quadruplicate reactions with separate controls were set in varying 

amounts of DMSO (0-6% v/v) to see if this had an effect on enzymatic activity. 

 

4.3.2. Assay repeatability 

 

The consistency of day-to-day and plate-to-plate results in a single-point screening assay is vital 

since the method is used to screen a large library of compounds (Inglese et al. 2007). In order 

to test this, a repeatability test was conducted for the optimized assay conditions. A total of five 

control plates were prepared, with three plates tested on one day and two more plates on separate 

days. Each plate contained 40 maximal signal (control) and minimal signal (reaction) wells and 

columns for blanks and inhibitor controls (1 mM known general ARTD inhibitor benzamide). 

From each plate, these 80 data points were used to calculate the coefficients of variation (CV) 

for both the maximal and minimal signals. Utilizing the three plates tested on one day, the plate-

to-plate variation in CV was determined and utilizing the three plates tested on separate days, 

the day-to-day variation in CV was determined. The overall assay quality was determined by 

measuring the following statistical parameters: signal-to-background ratio (S/B), signal-to-

noise ratio (S/N) and screening window coefficient (Z´). (Zhang et al. 1999; Inglese et al. 2007) 

 

4.4. Screening of known inhibitor compounds 

 

Screening of a small library consisting of 32 known ARTD inhibitors was performed to validate 

the statistical performance and quality of the assay in practice. Each plate contained 
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quadruplicate samples of controls (maximal signal) and reactions (minimal signals) per 

compound, totaling eight compounds per plate. The maximal signal wells contained only buffer, 

compound and NAD+ while the minimal signal wells also contained ARTD3. Each plate also 

had: (i) blank wells containing only buffer, (ii) control wells with buffer and NAD+, (iii) 

reaction control wells with buffer, NAD+ and ARTD3 and (iv) inhibitor control wells with 

buffer, NAD+, 1 mM benzamide and ARTD3, all in quadruplicates. The maximal and minimal 

signals containing compound were used to calculate the activity of ARTD3 in the presence of 

these compounds to correct for any fluorescence or quenching caused by the compounds. The 

control maximal and minimal signals without compound were used to calculate the overall 

conversion on the plate and this value was compared with the compound conversion to 

determine each compound’s inhibition on ARTD3. (Venkannagari et al. 2013) 

 The compound library was initially screened at 10 µM concentration. Inhibition 

of 50% on ARTD3 activity was set as the hit limit, and the compounds that qualified were 

chosen for a secondary screening at 1 µM. Similarly, the compounds that exhibited at least 50% 

inhibition at 1 µM were chosen for potency measurements. 

 

4.5. Potency measurements 

 

The compounds that showcased satisfactory inhibition of ARTD3 from both the known ARTD 

inhibitor screen (≥50%) and from the main libraries (≥30%) had their dose-response curves 

measured. Conditions for potency measurements were set so substrate consumption would be 

15-30%. This allows for a reasonably strong signal to be obtained without affecting the reaction 

rate due to a decrease in the substrate concentration during the reaction (Wu et al. 2003). The 

potency measurements were carried out with ARTD3 concentration in the range of 15-30 nM, 

NAD+ concentration of 500 nM and incubation time of 4.5-5 h. The aim was to obtain three 

curves for all compounds, but there were exceptions to the following compounds: ABOLL-16 

(six curves), ABOLL-29 (four curves), OULL-92 and OULL-94 (two curves). With ABOLL-

16 and -29 this was due to variance in results and more curves were obtained to figure out 

whether this was due to outliers in the results, and with OULL-92 and -94 two curves were 

made within the set time of the thesis experimental part. 
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 Compounds were tested in a concentration range of 10 µM to 0.0003 µM or 100 

µM to 0.003 µM depending on their potency. Compounds were prepared in a half-logarithmic 

dilution series in order to achieve a good fit for the dose-response curve. Two controls were 

used per plate, one with only buffer and NAD+ (maximal signal) and one with buffer, NAD+ 

and ARTD3 (minimal signal) and these controls were plotted as two log points above and below 

the graph, representing 0% and 100% activity of the protein respectively. At least four replicates 

were used for all controls and compound concentrations and the mean of fluorescence from 

these replicates was used to plot a dose-response curve with GraphPad prism 5.04 (GraphPad 

Software Inc., US). Out of the compounds tested, none exhibited autofluorescence or quenching 

and therefore no separate controls with compound was required. 

 

4.6. Screening of compound libraries 

 

Two libraries, the Mechanistic Diversity Set and Approved Oncology Drugs Set III (National 

Cancer Institute Developmental Therapeutics Program, US) consisting of 918 compounds, were 

screened with ARTD3. The compounds were stored at -70 oC and thawed at RT prior to usage. 

The compounds were diluted in reaction buffer and tested in a single-point screen with separate 

controls for each compound to accommodate for autofluorescence or quenching of 

fluorescence. Each plate contained a total of 40 different compound reactions and their controls 

as well as quadruplicates of blank (buffer), control (buffer and NAD+), reaction control (buffer, 

NAD+ and ARTD3) and a positive inhibitor control (buffer, NAD+, ARTD3 and 1 mM 

benzamide). The compounds were tested in the following concentrations: Approved Oncology 

Drugs Set III at 10 µM and Mechanistic Diversity Set at 1 µM. Instead of using a statistical 

approach such as utilizing the 3 x standard deviation (SD) from the mean of the activity 

percentage of all the tested compounds, the hit limit was set to 70% activity of ARTD3 (30% 

inhibition of ARTD3) in the presence of the compound in both of the libraries. This was done 

in order to receive a reasonable amount of compounds for further testing. Compounds reducing 

ARTD3 activity to 70% or below were retested at 10 µM concentration in a counter-screen and 

the ones that still fulfilled the inhibition criterion in this verification step were confirmed as hit 

compounds and had their IC50 values measured. Hit compounds were also characterized with 

thermal shift assay and fluorescence polarization. 
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4.7. Thermal shift assay 

 

DSF was utilized to test the effects of the hit compounds on the thermal stability of ARTD3 

and whether or not the compounds bind the catalytic domain of the protein. DSF is based on 

the ability of the dye Sypro Orange to bind nonspecifically onto the hydrophobic surfaces on a 

protein. Water strongly quenches the fluorescence of this dye and when the protein-compound 

complex in a mixture with Sypro Orange is gradually heated, a fluorescent signal is obtained as 

more and more of the hydrophobic regions are revealed and bind Sypro Orange, thus increasing 

the fluorescent signal. (Ericsson et al. 2006) 

 5000x Sypro Orange concentrate (ThermoFisher Scientific, US) was used for 

fluorescence in a final concentration of 20x (1:250 ratio). Both ARTD3 full-length and catalytic 

domains were tested in separate samples, with a protein concentration of 5 µM. Hit compounds 

were used in saturating conditions at 200 µM and three controls were prepared: a control 

containing only protein, buffer, and Sypro Orange, a DMSO control where the compound was 

replaced with 200 µM DMSO and an inhibitor control where 200 µM of the known ARTD3 

catalytic site binding inhibitor olaparib was used. All samples were prepared in triplicates in 

DSF buffer (20 mM HEPES, pH 8.0, 10% glycerol, 0.2 mM TCEP, 400 mM NaCl). The 

measurement was carried out with Applied Biosystems 7500 Real Time PCR system 

(ThermoFisher Scientific, US). 

 

4.8. Fluorescence polarization 

 

Fluorescence polarization was conducted for hit compounds to determine whether they affect 

the binding affinity of ARTD3 into DNA. An oligo with a fluorescent tag was utilized to study 

this relationship: when free in solution, the oligo produces unpolarized fluorescence due to rapid 

rotational movement. However, if this oligo is bound by ARTD3, its movement slows down 

and the fluorescence becomes polarized, enabling the measurement of this signal. When an 

inhibitor compound is introduced into the reaction, the effects of this compound on the binding 

affinity of ARTD3 to DNA can be resolved by observing the change in fluorescence. (Lea & 

Simeonov, 2011) 
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 The binding of four oligos (all blunt-end, two phosphorylated) to ARTD3 were 

tested and a 63 base blunt-end oligo with 5’-phosphorylated ends simulating a double strand 

break was chosen based on its highest produced fluorescent signal. The binding affinity of this 

oligo to ARTD3 was determined and a protein concentration close to the Kd value of this oligo-

ARTD3 complex was chosen for the follow-up experiments. This experimental setup of low 

oligo concentration and protein concentration close to Kd ensures that half of the oligo is bound, 

allowing a shift in binding affinity in either direction to be observed. 

A preliminary test was carried out with hit compounds under the following 

conditions: 2.5 µM ARTD3, 5 nM oligo and 5 µM compound. Three control samples were 

prepared: one with oligo and ARTD3 but no compound, one with oligo and ARTD3 and 5 µM 

DMSO and one with oligo, ARTD3 and 5 µM of known ARTD3 inhibitor olaparib. All samples 

were prepared in duplicates. The protein sample was prepared in protein FP buffer (10 mM 

HEPES pH 8.0, 0.1 mM TCEP, 0.1 mM EDTA) and the compound and oligo were both 

prepared in DNA FP buffer (10 mM HEPES pH 8.0, 0.1 mM TCEP, 0.1 mM EDTA, 100 mM 

NaCl). 90 µl of both buffers with appropriate concentrations of reagents were mixed into wells 

on a U-shaped black polypropylene 96-well plate (Greiner BioOne, DE) and incubated on a 

Biosan PST-60 HL plus plate shaker at 300 rpm at RT for 35 min. The fluorescence was 

measured with Tecan Infinite M1000 pro. 

 Compounds that increased the fluorescence during the initial test were chosen for 

further analysis. An affinity dilution series was prepared where the compound concentration 

was kept constant at 100 µM and titrated with ARTD3 in a two-fold serial dilution series starting 

from 4 µM protein concentration. In addition, the relationship between the oligo and compound 

OULL-98 (mitoxantrone) was studied in an affinity measurement where the oligo was titrated 

with compound in a two-fold dilution series starting at 5 µM concentration without any protein. 

Mitoxantrone was further characterized at 40 nM concentration whereby it was titrated with a 

15 step dilution series of ARTD3 starting at 1.5 µM protein concentration and ending at 0.05 

µM in order to provide a good fit for the binding curve. The oligo concentration in all 

experiments was 5 nM and they were carried out as described for the initial fluorescence 

polarization test, except all samples were prepared in triplicates. 
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5. Results 

 

5.1. Protein production 

 

Full-length ARTD3 was expressed in E. coli and purified using Ni-NTA affinity 

chromatography, heparin chromatography, reverse IMAC and gel filtration chromatography. 

Utilizing this protocol, protein yield was around 12 mg/l of TB-autoinduction media. 

Considering that large-scale screening of compound libraries requires a lot of protein, this 

method of purification was deemed satisfactory. The purity of full-length ARTD3 after and 

during various protein production stages is shown in Figure 3. As expected, the protein was 

significantly purified after IMAC and gel filtration steps. TEV-cleavage was successful as can 

be seen from the band shift on gel due to the His-tag and large TEV-cleavage site being removed 

from the protein. Some protein was lost at the various concentration stages as seen from the 

concentrator flow through samples but this amount was negligible due to the large amount of 

protein produced. The concentrated sample before gel filtration and the final sample appear 

smeared on the gel as these highly concentrated samples were not diluted for SDS-PAGE and 

as such the gel was overloaded. However, it is apparent from the gel filtration sample and the 

first concentrated sample that the protein produced was very pure. 
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Figure 3: ARTD3 purification. Several samples were collected at different stages of purification 

and loaded onto an SDS-PAGE gel. Purification proceeds from left to right in the following 

order: cell lysate, supernatant after lysis and centrifugation, IMAC binding flow-through, 

IMAC elute, heparin binding flow-through, heparin elute, after TEV-cleavage, after TEV and 

filtering, concentrated before GF, protein ladder, flow-through from concentrator, sample after 

first batch of GF, sample after second batch of GF, combined GF samples, three samples taken 

during various stages of concentration, flow-through from the concentrator, protein ladder. 

 

5.2. Optimization of the diphtheria toxin-like human ADP-ribosyltransferase 3 activity 

assay 

 

The ARTD3 activity assay was based on assays previously used for various other ARTDs, 

including mono- and polymerases (Putt & Hergenrother, 2004; Narwal et al. 2012; 

Venkannagari et al. 2013). The assay buffer conditions had previously been optimized by 

project co-supervisor Ezeogo Obaji and the optimal pH was found to be pH 7.0. This is very 

useful for the assay as it is close to physiological conditions and means that any potential 

inhibitor compounds discovered via the screening process could also potentially be used to 

inhibit ARTD3 in the cell. 
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5.2.1. Time, substrate and protein concentration optimization 

 

The amount of NAD+ to be used was tested at varying concentrations ranging from 1.5 µM to 

5 µM. The key points in setting the substrate concentration were: i) substrate concentration 

should be high enough to allow for a reliable means of achieving substrate conversion of 60%-

70% and thus good assay robustness; ii) substrate concentration should be low enough to allow 

for the reaction to proceed to 60%-70% conversion within reasonable time (1-3 h) without the 

use of excessive amounts of protein; iii) substrate concentration should be only as high as is 

required to achieve good assay robustness in order to not compromise assay sensitivity (Wu et 

al. 2003; Inglese et al. 2007). An amount of 2 µM NAD+ was chosen for the assay as it fulfilled 

the above criteria when used together with 200 nM ARTD3 (Figure 3). 

 

Figure 3: NAD+ concentration optimization. NAD+ ranging from 1.5 µM to 5.0 µM was tested 

with 200 nM ARTD3 and 3 h reaction time. 2.0 µM was chosen as it provided sufficiently high 

conversion alongside a strong signal. Mean values of four replicates alongside ± SD is shown. 

 

 The conversion rate of 2 µM NAD+ at three different ARTD3 concentrations (50 

nM, 100 nM and 200 nM) was tested over 4 h (Figure 4) to determine the optimal protein 

concentration and screening time to achieve 60-70% substrate conversion. ARTD3 

concentration of 200 nM provided the desired result of ~70% substrate conversion after 2 h of 

incubation. As a result, 2 µM NAD+, 200 nM ARTD3 and 2 h reaction time were chosen for 
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the screening assay, although the time was adjusted as different batches of activated DNA were 

used over the course of the screening. 

 

Figure 4: Time and protein concentration dependence of NAD+ conversion. The signal received 

is concentration and time dependent and the rate of conversion slows down with substrate 

consumption. NAD+ concentration used was 2 µM. Mean values of four replicates alongside ± 

SD is shown. 

 

5.2.2. Dimethyl sulfoxide sensitivity test 

 

The effect of DMSO on ARTD3 activity was tested in a simple experiment where 0-6% DMSO 

was added to reaction wells containing ARTD3 and NAD+ in assay buffer. DMSO had no effect 

on ARTD3 activity (Figure 5). 
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Figure 5: Activity of ARTD3 in the presence of DMSO. ARTD3 concentration used was 200 

nM, NAD+ concentration 1.5 µM and reaction time 2 h. Each data point shown is a mean value 

of four replicates ± SD. 

 

5.3. Assay repeatability 

 

Changes on the ratio of the maximal and minimal signals were tested both on a plate-to-plate 

and day-to-day basis over a total of five different plates. Both the maximal and minimal signals 

were binomially distributed and the ratio between the maximal and minimal signals (signal-to-

background) showed a suitable signal range for screening conditions (Figure 6). (Inglese et al. 

2007) 
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Figure 6: Histogram of the binomial frequency distribution of the maximal and minimal signals 

across five plates tested over three days. The binomial frequency distribution was confirmed 

with three normality tests for both maximal and minimal signal groups, out of which only one 

test was negative (Kolmogorov-Smirnov normality test for maximal signal group) while 

D'Agostino & Pearson omnibus and Shapiro-Wilk normality tests were positive for both signal 

groups. 

 

 Various statistical parameters of the assay are shown in Table I. Signal-to-

background is above 2 which is generally considered to be the cut-off point for a suitable 

screening window and is achieved by substrate conversion of 50% or higher. A Z´ > 0.7 was 

considered to be the goal for the assay and is representative of a robust screening window. The 

day-to-day and plate-to-plate variations in CV are quite high but still within acceptable limits. 

(Zhang et al. 1999) 
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5.4. Screening of 32 known inhibitors and assay accuracy 

 

A library consisting of 32 known ARTD inhibitors and their analogs was screened to test the 

robustness and performance of the ARTD3 activity assay. Two separate experiments were 

conducted with the first one consisting of all 32 compounds at 10 µM concentration (Figure 

7A). The 15 compounds that exhibited ≥ 50% inhibition of ARTD3 were re-tested at 1 µM 

concentration (Figure 7B). Inhibition of 50% was once again used as the hit limit and 6 

compounds that fulfilled this criterion were taken to potency measurements. 

 From Table II it can be seen that the statistical values of the 10 µM initial screen 

of ARTD inhibitors reflect very well with the corresponding results obtained during assay 

validation. In light of these results, the ARTD3 assay was deemed suitable for screening of 

large compound libraries. 

 

 

Figure 7: (A) Screening of 32 known ARTD inhibitors with ARTD3 at 10 µM compound 

concentration. Compounds with ≥ 50% inhibition of the protein were chosen for the (B) follow-

up assay at 1 µM compound concentration. ARTD3 concentration used was 200 nM, NAD+ 

concentration 2 µM and reaction time 2.5 h. Each data point shown is a mean of four replicates 

and ± SD is shown in (B). 
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5.5. Screening of Approved Oncology Drugs Set III and Mechanistic Diversity Set 

 

ARTD3 was screened with two compound libraries consisting of a total of 918 compounds 

(Figure 8). The inhibitor control benzamide displayed stable inhibition across the Approved 

Oncology Drugs Set (Figure 8A) but showed more variance across the Mechanistic Diversity 

Set (Figure 8B). One plate in the Mechanistic Diversity Set exhibited abnormally high activity 

percentages for compounds, resulting in a spike in the scatter plot in an otherwise consistent set 

of results. The Z´ variations across all screening plates over the two libraries are shown in 

Figure 9. One plate exhibited a Z´ value under the ideal 0.7 but was still above the reported 

acceptable minimum value of 0.5 (Zhang et al. 1999). 

 A total of 14 compounds were identified as hits according to the 70% hit limit, 

and two more compounds were hand-picked for follow-up studies due to their abnormally high 

activity% above that of the control. Out of these 16 compounds, 12 were available for ordering 

and were chosen for further analysis in a counter-screen. These compounds were assigned 

library names from OULL-89 to OULL-100. 
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Figure 8: Screening of ARTD3 with (A) Approved Oncology Drugs Set library at 10 µM 

compound concentration and (B) Mechanistic Diversity Set library at 1 µM compound 

concentration. Concentration of ARTD3 was 200 nM, NAD+ 2 µM and reaction time was 1.25 

– 2.5 h. Relative activity of each compound is shown together with the inhibitor control 

benzamide and its SD, indicated with a dashed line. 

 

 

Figure 9: Z´ prime across all of the screening plates. 

 

5.5.1. Counter-screen to verify results of the initial screen 

 

A counter-screen at 10 µM compound concentration with quadruplicate samples was employed 

to verify the results of the initial screening for the 12 hit compounds (Figure 10). Compounds 
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that reduced ARTD3 activity to 70% or below were confirmed as hits and qualified for potency 

measurements, FP and DSF. 

 

 

Figure 10: Counter-screen at 10 µM concentration for compounds discovered during the 

screening process. Compounds showcasing 70% or more inhibition in the counter-screen were 

validated as hit compounds. ARTD3 concentration used was 200 nM, NAD+ concentration 2 

µM and reaction time 2.5 h. Each data point shown is a mean of four replicates and ± SD is 

shown. 

 

5.6. Half-maximal inhibitory concentration measurements 

 

IC50 measurements were conducted for 6 known ARTD inhibitors and 8 hit compounds from 

the counter-screen. Example dose-response curves for compounds OULL-94 and -100 are 

shown in Figure 11. At least three curves were obtained for compounds that showcased 

inhibition below 10 µM (with the exception of OULL-92 and -94 at two). The mean IC50 values 

and SD for known ARTD inhibitors are shown in Table III and for hit compounds from the 

counter-screen the results are shown in Table IV. Table III also displays the IC50 or Ki literature 

values of these known inhibitor compounds for ARTD1 (Iwashita et al. 2004; Jagtap et al. 

2004; Thomas et al. 2007; Menear et al. 2008; Penning et al. 2009; Wahlberg et al. 2012). 
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Figure 11: Dose-response curves for (A) OULL-94 and (B) OULL-100. All potency 

measurements were carried out in half-logarithmic compound dilutions in order to achieve a 

good fit. Compound dilutions started from 100 µM for screening hit compounds and from 100 

µM or 10 µM for known ARTD inhibitors depending on the compound’s potency. A total of 

10 different compound concentrations plus controls were measured for a total of 12 data points 

per curve ± SD. Any obvious outliers were removed in order to achieve a good fit for the dose-

response curve. All curves were plotted with GraphPad prism 5.04. 

 

5.7. Differential scanning fluorimetry 

 

The ability of hit compounds to bind into the catalytic domain of ARTD3 was tested with DSF. 

A thermal shift assay was conducted for both the full-length and catalytic domain of ARTD3, 

and the difference between the compounds’ ability to stabilize the full-length versus only the 

catalytic domain was used to determine whether the compounds bind the catalytic domain. 

Control with no compound, control with DMSO and control with known ARTD3 catalytic-

domain binding inhibitor olaparib were used along with the 8 counter-screen hit compounds. 

The results are shown in Figure 12. 
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Figure 12: Thermal shift assay for (A) ARTD3 full-length and (B) catalytic domain utilizing 

hit compounds, control, DMSO control and olaparib. Protein concentration used was 5 µM, 

compound concentration 200 µM and 20 x Sypro Orange was used for fluorescent signal. None 

of the hit compounds stabilized ARTD3 significantly enough to be detected unlike olaparib 

(magenta) which shifted the thermal stability of ARTD3 by ~20 oC in both full-length and 

catalytic domain constructs. Only the results for compounds which provided a reasonable fit 

are shown: OULL-94 (green), OULL-95 (orange), OULL-98 (brown). 

 

5.8. Fluorescence polarization 

 

Fluorescence polarization was conducted on all hit compounds to determine whether they have 

an effect on the binding affinity of ARTD3 to DNA. The results of raw fluorescence for the 

initial test of all hit compounds at protein concentration close to the Kd of ARTD3-oligo are 

shown in Table V. Two compounds showed an increase in fluorescent signal: OULL-95 

(doxorubicin) and OULL-98 (mitoxantrone). An affinity dilution series was performed on both 

compounds to resolve their Kd values with the ARTD3-DNA complex. Mitoxantrone was 

observed to increase fluorescence in all protein concentrations even in relatively low compound 

concentrations (5 µM). Due to these interesting findings, the compound was further 

characterized in an experiment where the oligo was titrated with varying mitoxantrone 

concentrations. The affinity curves and Kd values obtained from these experiments are shown 

in Figure 13. 
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Figure 13: Fluorescence polarization affinity curves with: (A) ARTD3-oligo, (B) ARTD3-

oligo-OULL-95 (100 µM compound), (C) ARTD3-oligo-OULL-98 (40 nM compound) and (D) 

oligo-OULL-98. All experiments utilized 5 nM oligo and the plates were incubated for 35 min 

in order to reach equilibrium. All samples were prepared in triplicates and ±SD is shown. 
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6. Discussion 

 

6.1. Activity assay and screening results 

 

An activity-based screening assay previously described for various ARTDs was adopted for 

ARTD3 in order to screen a large library of potential inhibitor compounds. As seen from Table 

I, the assay is robust with a Z´ > 0.7 and is thus suitable for screening of large compound 

libraries. (Zhang et al. 1999). Substrate conversion around 60-70% together with a relatively 

high hit-limit of 30% ARTD3 inhibition results in high sensitivity for the assay as any 

compounds identified as false negatives beyond these criteria would be extremely weak ARTD3 

inhibitors (Wu et al. 2003). The performance of the assay was further validated by the similar 

statistical parameters obtained in the preliminary screening of 32 known ARTD inhibitors 

(Table II). The screening of these known ARTD inhibitors with this method provided expected 

results; olaparib is an ARTD1-4 inhibitor with an IC50 value of 4 nM reported for ARTD3 by 

FDA (Ricks & Chiu 2014). An IC50 value of 38 nM ± 16 nM (Table III) can thus be considered 

fairly accurate as these values tend to vary based on the assay used. Every hit compound from 

the known ARTD inhibitor screen has been shown to bind and stabilize ARTD3 catalytic 

domain by a shift of at least 4 oC in a thermal shift assay (Wahlberg et al. 2012). 

 Two separate compound libraries were screened; the Approved Oncology Drugs 

Set III and the Mechanistic Diversity Set. As seen from Figure 8A, the former provided clean 

and smooth results, yielding a total of 3 hit compounds at 10 µM concentration that reduced 

ARTD3 activity below 70%. The results for the Mechanistic Diversity Set (Figure 8B) on the 

other hand were not quite as good. From Figure 8B it can be seen that the overall activity% of 

the compounds rise with compound number, peaking at around compound 550. This can be 

explained by the screening set-up: since NAD+ being converted to a fluorophore provides the 

fluorescent signal, the compound activity% will rise above 100% if the maximal signal control 

has less NAD+ than the compound controls. This high activity% is therefore most likely down 

to faulty pipetting during assay preparation. A total of 8 compounds were also excluded from 

Figure 8B due to mistakenly pipetting protein twice into the column during assay preparation. 

This led to activity% in the 190% range; however, these compounds could still be ruled out as 

negatives as the activity was around double that of the regular negatives. The high-throughput 

–like screening of large compound libraries by hand can become arduous with time, resulting 
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in an increase in the role of human error. The best way to solve this problem would be to 

roboticize the screening process and utilize an automated pipetting workstation. From Figure 9 

it can be seen that the Z´ values during the screening process were consistently above or around 

0.7 except for one plate. This is somewhat to be expected as there will always be outliers and 

some variance in the results when preparing large numbers of assay plates. The results are 

consistent overall and it can be concluded that both the assay development and screening 

process were successful. (Inglese et al. 2007) 

 

6.2. Hit compounds from known inhibitor library 

 

A total of 32 known ARTD inhibitors and their analogs were screened with ARTD3. The 

compounds that inhibited ARTD3 activity by 50% or more at 1 µM concentration are shown in 

Figure 14 alongside nicotinamide and potent ARTD3 inhibitor KU0058948. 

 

 

 

Figure 14: Structures of nicotinamide, hit compounds from known ARTD inhibitor screen and 

potent olaparib-like inhibitor KU0058948. Measured IC50 values ± SD are shown. The 

structures were drawn with MarvinSketch (ChemAxon, HU). 
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 All of the hits from the known ARTD library have been shown to bind and 

stabilize ARTD3 catalytic domain by a thermal shift of at least 4 oC or higher in DSF 

experiments except for EB-47, which stabilized ARTD3 by a thermal shift of 1-4 oC (Wahlberg 

et al. 2012). Six other compounds that were included in the 32 inhibitor library but did not show 

up as hits were shown to stabilize ARTD3 catalytic domain by a thermal shift of 1-7 oC: 3AB 

(ABOLL-1), DR2313 (ABOLL-9), PJ-34 (ABOLL-17), TIQ-A (ABOLL-18) and XAV-939 

(ABOLL-23). As can be seen from Figure 7, two of these compounds (ABOLL-17 and -18) 

inhibited ARTD3 by 50% or more at 10 µM concentration but failed to do so at 1 µM 

concentration. However, binding to the catalytic domain does not necessarily translate to high 

inhibition. Interestingly, PJ-34 was shown to bind ARTD3 with an affinity of 0.7 µM in an 

isothermal titration calorimetry (ITC) experiment but this compound only showcased inhibition 

of 20% at 1 µM concentration in this screen (Figure 7B) (Lehtiö et al. 2009). Overall, these 

results further validate the accuracy of the assay as six out of ten compounds that bind the 

catalytic domain of ARTD3 were identified as hits. Wahlberg and co-workers (2012) showed 

that veliparib caused a thermal shift of 7-9.99 oC when binding to ARTD3 catalytic domain 

while olaparib and rucaparib caused a shift of over 10 oC. This is consistent with the IC50 values 

obtained for these compounds, as they all are potent inhibitors at IC50 values of under 340 nM. 

These compounds are also potent ARTD1 inhibitors (Table III) and considering the similar 

structures of ARTD1 and ARTD3 catalytic sites, it is to be expected that they would also inhibit 

ARTD3. Furthermore, olaparib showed a thermal shift of around 20 oC for both catalytic 

domain and full-length ARTD3 (Figure 12). 

  

6.3. Hit compound characterization 

 

Hit compounds from the screening of Approved Oncolology Drugs Set III and Mechanistic 

Diversity set were characterized with fluorescence polarization and DSF to gain insight into 

their possible mechanism of inhibition. These compounds also had their IC50 values resolved. 

In light of the results obtained from these experiments, the compounds were classified 

according to their most likely mechanism of inhibition. 
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6.3.1. Comparison of hit compounds with traditional nicotinamide –like inhibitors 

 

The screening hit compounds are shown in Figure 15. The majority of these compounds were 

low potency inhibitors of ARTD3. Compounds OULL-90 and OULL-92 (Thiram) did have 

IC50 values in the 200 nM concentration range. This indicates potential for use as an ARTD3 

inhibitor should these compounds show specificity to ARTD3 over the rest of the ARTD 

superfamily. However, this is unlikely when inspecting the structures and comparing them to 

traditional ARTD inhibitors (Figure 14). Most traditional ARTD inhibitors contain a 

nicotinamide moiety somewhere within the compound. This is the part of the inhibitor that 

interacts with the nicotinamide binding cleft within ARTD3 active site and forms a π-stacking 

interaction with a tyrosine residue (Lehtiö et al. 2009). This is demonstrated in Figure 16, where 

KU0058948 (structure shown in Figure 14) is bound to the ARTD3 nicotinamide binding site. 

As seen from the hit compounds, none of them exhibit the nicotinamide moiety of traditional 

ARTD inhibitors. This result is also reflected in the thermal shift assay; none of the hit 

compounds stabilized either the full-length protein or the catalytic domain (Figure 12), unlike 

the traditional inhibitors discussed before. In fact, the majority of the compounds failed to 

produce a fit in DSF. This could be down to complete destabilization of the protein by these 

compounds or some interference with the dye used (Sypro Orange). It should also be noted that 

if there was interference with the dye, then some of these compounds could still have stabilized 

ARTD3, though undetected by this method. The results for hit compounds in DSF are very 

distinctly contradicted by olaparib, which causes the denaturation temperature to shift upwards 

by ~20 oC in both the full-length and catalytic domain proteins, thus showing that the compound 

binds the catalytic domain of ARTD3. 
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Figure 15: Screening hit compounds. The library name assigned to each compound is shown, 

alongside the commercial name for compounds that had one available as well as IC50 ± SD. 

All structures were drawn with MarvinSketch (ChemAxon, HU). 
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Figure 16: ARTD3 active site in complex with the potent olaparib –like inhibitor KU0058948. 

Tyrosine residues Tyr414 and Tyr425 forming key stacking interactions with the compound are 

labeled and hydrogen bonds between the active site residues and compound are indicated with 

dashed lines. The nicotinamide moiety interacts with the active site through π-stacking with 

Tyr414 and hydrogen bonding. Image created with Open Source PyMOL Molecular Graphics 

System version 1.6.X. 

 

6.3.2. DNA intercalating agents 

 

The binding affinity of two hit compounds (mitoxantrone, doxorubicin) to the ARTD3-DNA 

complex was studied via fluorescence polarization (Figure 12). These compounds exhibited 

bizarre results in high (100 µM) concentrations whereby the fluorescence received was very 

high for all samples regardless of ARTD3 concentration. For mitoxantrone, this was true even 

for relatively low concentrations in the micromolar range, which is why 40 nM compound 

concentration was used in the binding affinity experiment for mitoxantrone. This is explained 

by the nature of these compounds: mitoxantrone is an anthracenedione used in the treatment of 
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cancer and multiple sclerosis. It is a topoisomerase II inhibitor and causes intercalation of both 

chromatin and free DNA, resulting in aggregation (Hajihassan & Rabbani-Chadegani, 2009). 

Doxorubicin is likewise a topoisomerase II inhibitor causing intercalation of DNA (Pommier 

et al. 2010). Interestingly, topoisomerase inhibitors have already been used in conjunction with 

ARTD inhibitors in clinical trials, but no inhibitory effects of topoisomerase inhibitors on 

ARTDs have been reported thus far (Tangutoori et al. 2015). 

 Aggregation of DNA through intercalation would explain the abnormally high 

fluorescence that was observed for both doxorubicin and mitoxantrone at high concentrations 

in FP. If the fluorescent oligo is trapped in large, chelated aggregates, polarization of the 

fluorescent signal would occur even without binding to ARTD3. This would also mean that the 

Kd values shown for these compounds in Figure 12 are unlikely to be accurate as the aggregation 

will contribute towards the fluorescent signal even at low compound concentrations. However, 

the lower Kd values for ARTD3-DNA-compound complexes compared to that of ARTD3-DNA 

can still be used as a guide line: These compounds interfere with the binding affinity between 

ARTD3 and DNA in some fashion, whether it be by isolating ARTD3 from DNA or by trapping 

ARTD3 with DNA, thus rendering the enzyme inactive. Considering the screening process 

utilized excess amounts of activated DNA compared to a relatively low amount of compound, 

a mechanism of ARTD3 trapping by mitoxantrone and doxorubicin seems more likely. This 

relationship could be further studied via electrophoretic mobility shift assay where the shift of 

DNA on an agarose gel is observed in the presence of ARTD3 and compound. Another choice 

would be ITC or some other method which measures binding affinity where the aggregation is 

not a contributing factor towards Kd. 

 

6.3.2.1. Classification of hit compounds 

 

The hit compounds obtained during screening of ARTD3 with the two compound libraries can 

be classified by their structure and mechanism of action. Thiram (OULL-95) is an insecticide 

that has been reported to suppress angiogenesis in tumors through inhibition of superoxide 

dismutase 1 (SOD-1) via chelation of the enzyme’s copper moieties (Marikovsky, 2002). 

Thiram has also been shown to be a near irreversible inactivator of glutathione reductase, 

possibly through covalent modifications to cysteine residues in the enzyme’s active site 

(Elskens & Penninckx, 1995). ARTD3 does not contain heavy metal moieties, but it is possible 
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that thiram causes covalent modifications to ARTD3 in a manner that is similar to the proposed 

model in glutathione reductase. This would make thiram an irreversible ARTD3 inhibitor. The 

presence of this potential covalent modification could be elucidated through cleavage by trypsin 

and analysis by mass spectrometry. If a covalent modification was confirmed, further 

information on its effects on ARTD3 structure could be obtained via co-crystallization of 

ARTD3 with thiram and solving the 3D structure by x-ray crystallography. 

 OULL-94 and OULL-100 are relatively unknown compounds with no references 

found in articles within the literature field. The only experimental information available is their 

activity in NCI human tumor cell line growth inhibition assays (PubChem). OULL-90 doesn’t 

have any experimental information available, but it is an analog of phenanthrene, a polycyclic 

hydrocarbon (PHC) found in tobacco. The structures of these compounds bear little 

resemblance to each other, or any known ARTD inhibitor for that matter. OULL-90, which had 

the lowest half-maximal inhibitory concentration out of the hit compounds (177 nM), is likely 

to be an inactivator of ARTD3 as its structure contains mercury which has been reported to 

inactivate enzymes, though the exact mechanism is still unknown (Tamás et al. 2014). As with 

thiram, the presence of this covalent modification could be solved through trypsin cleavage and 

mass spectrometry or x-ray crystallography. Considering the lack of a proper fit in DSF for the 

majority of hit compounds, their binding to ARTD3 could be studied with some other binding 

affinity method such as ITC. Hit compounds classified according to their proposed mechanism 

of inhibition and structure are shown in Table VI. OULL-93 and OULL-97 are not included as 

they did not provide any interesting results in either FP or DSF and their IC50 values were above 

10 µM. 
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7. Conclusions 

 

The purpose of the study was to adopt a previously reported HTS –like screening assay of the 

ARTD superfamily of enzymes for ARTD3, a poorly characterized member of this family. Two 

compound libraries consisting of a total of 918 compounds were to be screened with ARTD3 

in order to discover new chemical probes for the enzyme. Any hits from the initial screening 

were to be validated in a counter-screen and further characterized with FP, DSF and potency 

measurements in order to gain information on the compounds’ mechanism of inhibition. 

 The enzymatic assay was adopted successfully for ARTD3. NAD+ and protein 

concentrations were optimized along with reaction time so substrate conversion of 60-70% was 

reached, leading into good sensitivity of the assay alongside a robust screening window (Z´ 

>0.7). The performance of the assay was confirmed by screening a small library of 32 known 

ARTD inhibitors with expected results. 

 A total of 16 interesting compounds were identified from the initial screen of 918 

compounds, and 12 of these were obtained for further analysis. 8 compounds passed the 

counter-screen whereby they inhibited ARTD3 activity by at least 70% at 10 µM concentration 

in quadruplicate samples. These 8 hit compounds were then characterized with FP, DSF, and 

potency measurements and classified into the following categories: two (2) compounds (OULL-

95, doxorubicin; OULL-98, mitoxantrone) that are known topoisomerase II inhibitors and 

chelate DNA, thus reducing ARTD3 activity by potentially trapping the protein with DNA; one 

(1) PHC compound (OULL-90, IC50: 177 nM) containing mercury and potentially causing 

covalent modifications to the enzyme; one (1) compound (OULL-92, thiram, IC50: 208 nM) 

that is an insecticide and a known inactivator of SOD-1 and glutathione reductase through heavy 

metal chelation and covalent modification of cysteine residues respectively, and is thus likely 

to cause covalent modifications to ARTD3’s cysteine residues and two (2) tumor suppressor 

compounds (OULL-94, IC50: 2600 nM and OULL-100, IC50: 2750 nM) with very limited 

references found in literature and with structures that do not imply any obvious mechanism of 

inhibition. Two (2) compounds (OULL-93 and OULL-97) did not showcase sufficient 

inhibition in potency measurements or produce useful data in either FP or DSF to be 

characterized. 

 The study did not yield clear results to the initial goals set, but some interesting 

findings were made nonetheless. While no traditional inhibitor with potential for use as a 
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chemical probe was discovered for ARTD3, compounds OULL-94 and OULL-100 showcased 

decent inhibition (2.6 µM and 2.7 µM respectively) while OULL-100 also harbored a structure 

(Figure 15) that bears at least remote resemblance to some of the ARTD inhibitors shown in 

Figure 14. These compounds could be tested against the other members of the ARTD family; 

inhibition of ARTD1 for example would point towards these compounds actually being proper 

inhibitors while low potency against other ARTDs could mean selectivity towards ARTD3. 

These compounds could also be co-crystallized with ARTD3 to gain insight into their 

interaction with the enzyme. Judging from the initial results of DSF (Figure 12), these 

compounds do not seem to bind the ARTD3 catalytic domain. However, these compounds had 

about 100 times lower IC50 for ARTD3 when compared to olaparib, which could mean that 

their low potency binding is not capable of stabilizing the enzyme in the same manner as 

olaparib. Also, considering no proper fit was produced for either of these compounds in DSF, 

their binding and possible stabilization of ARTD3 cannot be ruled out. Another binding affinity 

measuring method such as ITC could be employed to gain further insight into these compounds’ 

binding to ARTD3. 

 Mitoxantrone was found to lower the binding affinity of ARTD3 to DNA (Figure 

13). Topoisomerase inhibitors have been used in conjunction with ARTD inhibitors in cancer 

studies, but no effect of these topoisomerase inhibitors on ARTD activity has been reported 

(Tangutoori et al. 2015). While mitoxantrone and doxorubicin didn’t showcase potent 

inhibition of ARTD3 in potency measurements, further investigation into the effects of these 

drugs on the binding affinity of ARTD3 to DNA can help in understanding the 

polypharmacology behind multi-agent treatment of cancer. 
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