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Abstract: 

DNA repair is vital to the survival and proliferation of cells because it repairs damages that 

could lead to chromosomal abnormalities, loss of important gene information, and cell death. 

However, in some cases, DNA repair is not beneficial. For example, radiation therapy destroys 

cancer cells by introducing DNA damages, but the cellular ability to repair damaged DNA makes 

this treatment less effective. Additionally, improper repair of spontaneous DNA breaks can lead 

to oncogenic translocations. 

Therefore, the research focus is on finding a drug that disables DNA repair. To accomplish 

this, we are screening potential inhibitors designed to decrease the activity of Ku70/80, a vital 

DNA repair enzyme that mediates repair by physically attaching to the broken DNA ends and 

recruiting other repair enzymes. The goal is to find an inhibitor capable of preventing Ku70/80 

from attaching to the DNA, which should inhibit the whole repair process. Theoretically, this novel 

approach should eliminate the cells’ abilities to counteract radiation, lower the radiation doses 

needed to destroy a tumor, and thereby lower the risk of collateral damage to surrounding healthy 

tissues. Thus far, five compounds have shown promising inhibitory activity and warrant further 

testing. 
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Introduction: 

 

DNA double strand breaks (DSBs), breaks in the phosphodiester backbone of both strands 

of the DNA, can be introduced into the DNA by a variety of means including reactive oxygen 

species, ionizing radiation, and direct physical or mechanical stress on the DNA (1). These DSBs 

can be problematic for cells because they can lead to chromosomal breakage and aberrations, loss 

of information including tumor suppressor genes, or cell death (2). Chromosome breaks and 

aberrations can stall the cell cycle and prevent proper DNA replication and cell division. Loss of 

tumor suppressor genes can ultimately lead to carcinogenesis. How the cell responds to the DNA 

damage depends upon multiple factors, including the extent of the damage (3). If the DNA damage 

is too severe for repair, the cell will signal for apoptosis. However, if the damage is not too 

detrimental to the cell and is reparable, the cell will proceed with one of its two different DNA 

repair mechanisms, homologous recombination (HR) or non-homologous end joining (NHEJ). The 

latter is the most prevalent in eukaryotic cells (4).  

The NHEJ pathway involves three main steps after DNA damage occurs. The first is 

synapsis during which the two broken DNA ends are brought together. This tethering of the DNA 

ends is mediated by the DNA-dependent protein kinase complex (DNA-PK), a complex made up 

of the Ku70/80 heterodimer and the DNA-dependent protein kinase catalytic subunit (DNA-PKcs). 

In this complex, the Ku70/80 protein physically attaches to the broken DNA ends, brings them 

together for repair, and recruits other NHEJ enzymes to the site. The second step is end processing 

and involves various nucleases that prepare the DNA for the final step, ligation. These nucleases 

include the processing enzyme, Artemis. During ligation, the DNA ends are joined by a ligation 

complex which includes DNA ligase IV (LigIV), X-ray cross complimenting 4 (XXCC4) and 

XXCC4-like factor (XLF) (5).  
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DSB repair, as well as core NHEJ enzymes, are evolutionarily conserved, because the 

process serves to protect cells from mutagens, background radiation, and harmful metabolic by 

products (6). Therefore, DSB repair is a vitally important process for living organisms. However, 

there are certain situations in which DNA repair can prove problematic. One such case is during 

radiation therapy for solid cancers. Radiation therapy destroys cancer cells by introducing breaks 

in their DNA. Because the cancer cells, like all human cells, also possess the ability to repair those 

breaks, the repair pathways counteract the effectiveness of the treatment. Therefore, higher doses 

of radiation are needed to create multiple large clusters of DSBs in the DNA of the cancer cells, 

which are very difficult to repair (7). The high dose of radiation necessary to accomplish these 

multiple DSBs is detrimental for nearby healthy tissue and vital organs because they are also 

exposed to these toxic levels of radiation. Finding a way to specifically block the repair process in 

cancer cells would allow for the use of lower and safer doses of radiation during radiation therapy. 

This would minimize the negative collateral damage of radiation therapy and make the treatment 

more effective.  

Another problem occurs when spontaneously occurring DSBs are repaired incorrectly. 

Faulty DSB repair can play an important role during carcinogenesis as a result of translocations of 

proto-oncogenes to constitutively transcribed parts of the genome. In these cases, it would be 

beneficial to selectively suppress DNA repair. Oncogenic translocations occurring as a result of 

incorrectly repaired DSBs are often observed in pre-cancerous lesions. It was found that the 

canonical NHEJ pathway is the main driver of chromosomal translocations in these instances (8).  

Therefore, developing ways to disable the NHEJ process in precancerous lesions could 

theoretically delay or impair progression into cancerous ones.  For instance, in prostate cancers, 

stalling the progression of Prostatic Intraepithelial Neoplasia (PIN) lesions to adenocarcinomas 
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would delay or prevent the need for definitive treatments such as prostatectomies or radiation 

therapy. 

As previously stated, the DNA-PK complex is vital to the initiation of repair of DSBs since 

the first step involves the binding of Ku70/80 protein to the break (9). Ku70/80 then recruits the 

other NHEJ proteins to the site of the DSB and sets up the broken DNA ends for repair (10). The 

crystal structure of Ku70/80 bound to DNA is currently known (10). Figure 1 shows the DNA 

bound in the Ku70/80 ring structure. Due to its prominence as the protein that starts off the whole 

NHEJ process, theoretically, if the binding of Ku70/80 to the broken DNA ends could be inhibited, 

the repair process would be halted.  

Our project aims to identify a small, water soluble molecule that can sterically disrupt the 

Ku-DNA binding. To this end, our collaborator, Dr. Daruka Mahadevan, currently at the New 

Therapeutics Program at The West Clinic in Memphis, TN, compiled a list of candidate 

compounds. Based on the known crystal structure of the Ku70/80 molecule, Dr. Mahadevan 

screened databases of commercially available small molecules for a potential fit within binding 

pockets on the DNA- binding surface of Ku70/80. A promising binding pocket on the Ku70/80 

protein is shown in Figure 2. Once the prospective binding pocket was chosen, Surflex-Dock was 

used to produce an idealized ligand for the binding pocket based on interactions with the following 

residues: Tyr400, Leu256, Phe436 and Tyr409. Using this idealized ligand as a model, Sybyl-X 

2.0 Suite was used to create a list of similar molecules and their ZINC numbers were found. This 

yielded about 2,000 hits which were then docked into the Ku70/80 binding pocket with Surflex-

Dock and assigned docking scores. The compounds with the highest docking scores were chosen 

for testing. 

We hypothesize that blocking the binding of Ku70/80 to DNA ends will reduce the NHEJ 
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efficiency and will increase the sensitivity of human cells to radiation therapy. Therefore, we will 

test the selected compounds to assess their abilities to disrupt the Ku-DNA binding activity using 

an Electrophoretic Mobility Shift Assay (EMSA). Subsequently, we will test the cytotoxicity and 

radiation-sensitizing potential of positive compounds.  

 

 

Figure 1: Ku70/80 bound to DNA. Image was made using PyMOL. Protein data bank ID: 

1JEY. Structure determined by X-ray diffraction. The image shows the ring structure of Ku70/80 

and how the DNA binds in this ring. The different subunits of Ku70/80 are colored magenta and 

blue to represent the 70kDa and 80kDa respectively. 

 



Dominick 6 

 

  

 

Figure 2: Ku70/80 binding pocket. Image made by Daruka Mahadevan. The image shows 

important residues in the Ku70/80 binding pocket that were used to produce an idealized ligand 

for the pocket. 

  

Materials and Methods: 

Radioactive Primer Labeling: 

Dar5 sense and antisense strands of 28 base pairs, purchased from Integrated DNA Technologies 

(IDT), were used at 100μM as the DNA substrate for the labeling. The sequences for the Dar5 

sense was 5’-TGC TTC CGG CTC GTA TGT TGG TTG GAA T-3’ and the antisense was 5’-

ATT CCA ACC AAC ATA CGA GCC GGA AGC A-3’. The terminal phosphate groups of both 

strands were cleaved using alkaline phosphatase (AP) as per Promega’s DNA 5’ End Labeling 

System. The reaction mixture for the dephosphorylation reaction was as follows to make one 

200μL reaction: 15μL (1.5nm) Dar5 sense strand, 15μL (1.5nm) Dar5 antisense strand, 10μL AP, 

20μL AP buffer (10X) and 140μL H2O. The reaction mixture was incubated at 37°C for one hour.  
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Then a phenol chloroform extraction was performed to remove the AP. The extraction was 

performed as follows: an additional 100μL of H2O and 300μL phenol chloroform from Amresco 

was added to the reaction mixture, the mixture was centrifuged at 7,500rpm for 3 minutes and the 

upper aqueous layer was removed and transferred to a clean Eppendorf tube. After this, an 

additional 200μL of phenol chloroform was added, the mixture was spun again at 7,500rpm for 3 

minutes, and the aqueous layer was removed and transferred to another clean Eppendorf tube. 

 

Next, an ethanol precipitation reaction was performed on the aqueous layer as follows: 2.5X 

volume of 100% ethanol was added to the reaction mixture, the mixture was spun at 10,000rpm at 

4°C for 30 minutes, and the ethanol was carefully poured off. Then, 250μL of 70% ethanol was 

added to wash the pellet of excess salt. The mixture was centrifuged at 10,000rpm at 4°C for 10 

minutes, the ethanol was carefully poured off, and the tube was left inverted to dry. Once dry, the 

DNA pellet was resuspended in 90μL of H2O and transferred to a Polymerase Chain Reaction 

(PCR) tube.  

 

A PCR primer annealing step was performed using the Applied Biosystems GeneApp PCR System 

2700 that involved heating the sample to 95°C for 4 minutes and then cooling it by 1°C per every 

30 seconds until it reached 48°C and was finally cooled to 4°C. The annealed primer was then split 

evenly into 3 aliquots in Eppendorf tubes and one tube (30μL) was used for the next 

phosphorylation step and the remaining two were stored at -20°C for future use.  

 

Next, the phosphorylation reaction was performed with New England BioLabs’ T4 polynucleotide 

kinase (PNK) and buffer to label the Dar5 sense and antisense strands with a radioactive phosphate 

from Perkin Elmer Easy Tides Adenosine 5’-triphosphate, [γ-32P]. The reaction mixture for the 

phosphorylation reaction was as follows to make one 100μL reaction: 30μL dephosphorylated 
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primer from the previous step, 5μL PNK, 10μL PNK buffer, 2μL Adenosine 5’-triphosphate, [γ-

32P], and 53μL H2O. The reaction mixture was incubated at 37°C for one hour.  

 

An ethanol precipitation was performed as previously described and the tube was left to dry. Once 

dry, the DNA pellet was resuspended in 100μL H2O and 20μL of loading buffer (0.1% 

bromophenol blue, xylene cyanol, 65% glycerol, Tris base/Boric acid/Ethylenediaminetetraacetic 

acid (TBE)). This was loaded evenly into 5 lanes of a 6% polyacrylamide gel (22.3mL H2O, 3mL 

5X Tris base/Boric acid/Ethylenediaminetetraacetic acid (TBE) buffer, 6mL Bio-Rad 

Acrylamide/Bis solution, 150μL 10% ammonium persulfate (APS), and 25μL 

Tetramethylethylenediamine (TEMED)). The gel was run at 275V for one hour. After this time, 

the gel was exposed on GeneMate Blue Lite Autorad Double Emulsion Med. Film. After 2 hours, 

the film was developed using a SRX-101A Konika Minolta film developer. This image was then 

used to determine the position of the band of interest. The middle band was excised with a clean 

razor blade and placed in a 14mL BD Falcon polypropylene round-bottom tube and crushed using 

a spatula.  

 

Then, 2 volumes of Acrylamide Gel Elution Buffer (0.5M ammonium acetate, 10mM magnesium 

acetate and 1mM Ethylenediaminetetraacetic (EDTA)) was added to the crushed gel and let diffuse 

overnight. Next, the DNA suspension was centrifuged through Bio-Rad Quantum Prep Freeze ‘N 

Squeeze DNA Gel Extraction Spin Columns at 10,000rpm for 5 minutes and the flow through was 

collected and put into clean Eppendorf tubes. The gel retained by the column was reclaimed, an 

additional 2mL of Acrylamide Gel Elution Buffer was added, and the mixture was once again 

centrifuged through the spin columns, reclaiming the flow through.  
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An ethanol precipitation was performed as before on the combined flow through and let dry. The 

DNA pellet was resuspended in 60μL and a spectroscopy reading was taken using a BioRad Smart 

Spec spectrophotometer. The DNA was then diluted to 0.7ng/μL for use in the Electrophoretic 

Mobility Shift Assay (EMSA). 

 

Electrophoretic Mobility Shift Assay (EMSA): 

The EMSA was used to determine if the potential inhibitory compounds were actually able to 

interfere with DNA/Ku binding in vitro. First, the correct ratio of Ku70/80 protein, purchased from 

Trevigen or Bioworld, to radioactively labelled DNA was determined by running a 4% 

polyacrylamide gel (22.8mL H2O, 3mL 5X Tris base/Boric acid/Ethylenediaminetetraacetic acid 

(TBE) buffer, 4mL Bio-Rad Acrylamide/Bis solution, 150μL 10% ammonium persulfate (APS), 

and 25μL Tetramethylethylenediamine (TEMED)) with separate lanes of different Ku/Dar5 ratios. 

The serial dilutions for Ku/Dar5 ratios of 0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 were made and 1μL of 

the respective Ku dilution aliquots was added to reaction mixtures consisting of: 6μL H2O, 1μL of 

1mM Dithiothreitol (DTT), 1μL10X EMSA buffer (250mM Tris and 900mM KCl, pH 8), 1μL 

dimethyl sulfoxide (DMSO), and 1μL labelled Dar5. For the 0 ratio, the 1μL of Ku dilution was 

replaced by an additional 1μL of H2O. A DMSO mixture was used as a control because the 

compounds to be tested were dissolved in DMSO.  

 

All reaction mixture components except the Dar5 were combined in SafeSeal Microcentrifuge 

Tubes to decrease the binding affinity of the mixture for the walls of the tubes. The mixture was 

incubated at 37°C for 5 minutes, then the Dar5 was added to each tube and they were left to 

incubate at 37°C for 30 minutes before loading buffer (0.1% bromophenol blue, xylene cyanol, 

65% glycerol, Tris base/Boric acid/Ethylenediaminetetraacetic acid (TBE)) was added and each 

reaction was loaded into the polyacrylamide gel. The gel was run at 275V at 4°C to prevent the 
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denaturing of the Ku protein. After 1 hour, the gel was dried using a BioRad model 583 gel dryer 

and placed on a Fuji Film Imaging Plate phosphoimager screen. The image was developed using 

a Molecular Dynamics STORM phosphoimager and the image was saved using the Amersham 

Biosciences STORM scanner control computer program. The necessary exposure time was 

determined by age of the ATP used to label and the success of the labelling. The ratio at which all 

of the Ku bound to all of the Dar5 was determined by the visualization of a complete upward band 

shift. Once the correct Ku/DNA ratio was determined, this ratio was used to test the in vitro 

inhibitory activity of the compounds.  

 

Compounds A, B, C, D, E, F, G, H and L were purchased from eMolecules. Compounds C1, C2, 

C3, C4, C5, C7, C8, C9 and C10 were purchased from AKos Consulting and Solutions. Compound 

C6 was purchased from Molport. Reaction mixtures were made as follows: 5μL H2O, 1μL 1mM 

DTT, 1μL10X EMSA buffer, 1μL Ku, 1μL DMSO, and 1μL labelled Dar5. For the control that 

didn’t include Ku or compound, the 1μL of Ku and 1μL of compound dilution were replaced by 

an additional 2μL of H2O to correct for reaction volumes and concentrations. For the control that 

didn’t include compound, the 1μL of compound dilution was replaced by 1μL of H2O. The 4% 

polyacrylamide gel was run the same way as for determining the Ku/DNA ratio and dried, placed 

on the phosphoimager screen and developed as previously stated. 

 

Cell Culture: 

U-251 human brain glioblastoma cells were maintained in a humidified incubator with 5% CO2 

and cultured in Minimal Essential Medium (MEM) with 10% Fetal Bovine Serum (FBS) until 

ready for harvest for the MTS Assay. 
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3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

(MTS) Assay: 

The MTS Assay was performed according to the CellTiter 96 AQueous Non-Radioactive Cell 

Proliferation Assay Technical Bulletin from Promega. Briefly, U-251 cells were suspended at a 

concentration of 1x105 cells/mL. 50μL of this suspension was pipetted into each well of a 96 well 

plate. Then, dilutions of compound C were made so that there was a final dose range from 0-

100μM when 50μL of drug dilution was added to the 50μL of cells already plated. The 96 well 

plates were incubated for 48 hours and then 20μL of MTS/PMS was added to each well. The 

absorbance was read at 490nm using a BioTech 5 plate reader. This data was used to determine 

the cell survival number with respect to the control with no added compound C. 

 

Results: 

 

In order to test the ability of in-silico designed candidate compounds to disrupt the Ku-

DNA binding, we performed an EMSA analysis, utilizing a radioactive DNA substrate and purified 

Ku70/80 protein. Compounds C, D, E, F, G, H, and L (all from the original list of compounds 

provided by Dr. Mahadevan) were added at a concentration of 1mM or 100μM and reactions were 

run on 4% polyacrylamide gel. Out of these compounds, compounds C and L showed promising 

inhibitory activity as witnessed by the loss of the upward band shift when incubated in the Ku/DNA 

reaction mixture (Figure 3 and Figure 4).  
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Figure 3: Inhibitory Activity of Compound C. Compounds C, D, E, F, G, and H were run on a 

4% polyacrylamide gel. Compound C was run at 1mM and compounds D, E, F, G, and H were 

run at 100μM (left lane of the pair) and 1mM (right lane of the pair). Compound C caused a loss 

of the upward band shift, signifying inhibition of the DNA/Ku binding. 

 

Compound L was initially run with the compound added before and after Ku because 

experiments with other compounds suggested that order of addition may have an effect on the 

extent of inhibition (data not shown). Compound L, however, showed promising inhibitory activity 

regardless of the order of addition of compound L since both conditions yielded a loss of the 

upward band shift (Figure 4).  
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Figure 4: Inhibitory Activity of Compound L With Ku Added Before or After the 

Compound. Compound L was run on a 4% polyacrylamide gel at 1mM with Ku added to the 

reaction mixture before or after the compound. It appeared that order of addition did not matter 

since the loss of the upward band shift was seen under both conditions.  

 

Compound C was retested at 1mM with compound C added both before and after Ku. A 

4% polyacrylamide gel was run with a reaction mixture with Ku, compound C and then DNA 

substrate added and a reaction mixture with compound C, Ku and then DNA substrate added in 

those orders. Compound C showed some inhibitory activity when added before or after Ku as 

witnessed by the slight loss of the upward band shift (Figure 5). The inhibition appeared to be 

greater in the mixture when compound C was added after Ku since the upper band was weaker in 

this case. The order of addition of compound and Ku seemed to matter for compound C, but not 

compound L. Therefore, this warrants further investigation to determine why the order of addition 

might matter for compound C. 
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Figure 5: Inhibitory Activity of Compound C When Added Before or After Ku. Compound 

C was run on a 4% polyacrylamide gel with compound C added before or after Ku with the DNA 

substrate added last in both cases. Compound C showed some inhibitory activity under both 

conditions, although the inhibition appeared to be greater in the mixture when compound C was 

added after Ku. 

 

When adding compound C to the reaction mixtures, it was noted that the mixture became 

cloudy. Although unlikely, this finding along with the possible effect of order of compound 

addition, opened the theoretical possibility that partial precipitation of compound C might 

contribute to its inhibitory activity, by non-specifically pulling Ku out of solution. In an attempt to 

answer whether or not precipitation was a factor, we verified whether removing the precipitate 

before addition of the Ku protein influenced inhibitory activity of compound C. Therefore, 
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compound C was mixed with water and EMSA buffer. This was then centrifuged to pellet the 

precipitate. The supernatant was then pipetted into a clean tube, making sure to not disturb the 

pellet. Subsequently, the Ku protein was added and the mixture was incubated at 37°C for 5 

minutes until the DNA substrate was added. This was then incubated at 37°C for 30 minutes and 

the 4% polyacrylamide gel was run as previously. Compound C still appeared to inhibit DNA/Ku 

binding even with the precipitate removed (Figure 6). This result indicates that inhibition of the 

DNA/Ku binding by compound C was not (or was only partially) mediated by precipitation of the 

compound.              

 
 

Figure 6: Inhibitory Activity of Compound C With and Without Centrifugation. Compound 

C was run on a 4% polyacrylamide gel with and without centrifugation of the compound before 

Ku and the DNA substrate were added to the reaction mixture. Compound C showed some 

inhibitory activity under both conditions, although the inhibition appeared to be greater in the 

mixture that was centrifuged. 
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A titration of compound C was performed to determine a preliminary working 

concentration for total inhibition of the added Ku. Using a 10mM stock solution, compound C was 

added at a final concentration of 0, 100μM, 200μM, 400μM, 600μM, 800μM and 1mM (ratios of 

0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 to the stock solution). At the tested concentrations, there was an 

increase in inhibitory activity as the concentration of compound C was increased as shown by the 

increasing intensity of the lower band of Dar5 (Figure 7). It seems likely from this data that 

compound C will need to be used at a higher concentration than those tested in order to obtain 

complete inhibition of DNA/Ku binding in the EMSA. Therefore, the further development of 

compound C analogs into a clinical tool will likely require optimization of affinity for Ku and 

solubility in aqueous environments so that lower doses could be used. 

 

Figure 7: Compound C Titration. The compound C titration was run on a 4% polyacrylamide 

gel at the following concentrations 0, 100μM, 200μM, 400μM, 600μM, 800μM and 1mM, which 

correspond to ratios of 0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 to the stock solution. It appeared that the 

inhibitory activity increased with increasing concentration of compound C. 
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Since compound C did show inhibitory activity, the cytotoxicity of the compound needed 

to be assessed to determine whether or not it was worth pursuing further development of the 

compound into a pre-clinical candidate drug. To determine the toxicity of compound C in human 

cells over the course of 24, 48, 72 and 96 hours, an MTS Assay was used. It is important that the 

compound is not toxic to human cells or it would not be able to be eventually used as a radiation 

sensitizing medication. U-251 cells, a line of human brain glioblastomas, were incubated with 

compound C in dosages ranging from 1-100μM. The data was plotted as cell number (% control) 

vs. dose. These experiments showed that there was not a substantial decrease in cell number over 

the times and doses tested. Therefore, compound C does not appear to be toxic to human cells in 

culture over short periods of time (Figure 8). Further tests will need to be performed to assess the 

long term effect of compound C on cells. More types of cells will also need to be tested because 

due to the different functions and metabolites of different tissues, the compound may have different 

effects on different tissue types. 

 

Figure 8: Toxicity of Compound C in U-251 Cells. The toxicity of compound C was tested in 

U-251 cells, a line of human brain glioblastomas. Over the course of 24, 48, 72, and 96 hours, 

the cell number as compared to the control did not significantly decrease. There was also not a 

significant difference between the numbers of cells at each tested dose. Therefore, it appears that 

compound C is not toxic to U-251 cells in culture over short periods of time.  
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Because of the promising inhibitory activity of compound C, our collaborator generated a 

list of additional compounds similar in structure to compound C in the hopes that one or more of 

the C analogs (C1, C2, C3, C4, C5, C6, C7, C8, C9 and C10) would retain the inhibitory activity 

of compound C, and also be more soluble in the reaction buffer and display inhibitory activity at 

lower concentrations (higher potency). Unfortunately, the compound C analogs selected did not 

prove to have higher solubilities in water than compound C, and precipitation continued to be an 

issue. Compounds C1, C3, C5, C7, and C8 were tested at 1mM under different order of addition 

of Ku and the compound, as they had even lower solubilities than compound C. Compounds C1, 

C3, and C8 showed noticeable inhibitory activity as witnessed by the loss of the upward band shift 

independent from the order of addition of Ku and compound (Figure 9).  

 

Figure 9: Inhibitory Activity of Compounds C1, C3, and C8. Compounds C1, C3, C5, C7 and 

C8 were run on a 4% polyacrylamide gel. Compounds C1, C3 and C8 showed inhibitory activity 

as witnessed by the loss of the upward band shift regardless of the order of addition of the Ku 

and compound. 
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An attempt was made to increase the solubility of compounds C2, C4, C6, C9, and C10 by 

moderately heating the solution. For the heating step, the compounds were mixed in the usual 

reaction mixture without Ku or the DNA substrate added. This reaction mixture was then heated 

at 40°C until the solution was clear (30 minutes). The solution was then cooled to room 

temperature so that Ku could be added without affecting its activity. The mixture was incubated at 

37°C as before for 5 minutes until the DNA substrate was added and subsequently incubated for 

an additional 30 minutes. Without the heating step, all of the compounds appeared to have 

inhibitory activity as witnessed by the loss of the upward band shift (Figure 10). With the heating 

step, only C2 and C6 showed slight inhibition of the DNA/Ku binding since there was a partial 

loss of the upward band shift. It is therefore possible that precipitation contributes to the inhibitory 

activity of compounds C4, C9, and C10 and may have a slight effect on the inhibitory activity of 

compounds C2 and C6. An alternative theory for the difference between the heating and non-

heating conditions is that heating could have possibly destroyed the activity of the compounds. 

These inconclusive results merit further experimentation. 
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 Figure 10: Inhibitory Activity of Compounds C2 and C6. Compounds C2, C4, C6, C9 and 

C10 were run on a 4% polyacrylamide gel both with and without first heating the compounds in 

the reaction mixture (without Ku or DNA substrate) to 40°C to fully dissolve them in solution. 

All of the compounds showed inhibitory activity without the heating step whereas only C2 and 

C6 showed slight inhibitory activity when first heated as witnessed by the partial loss of the 

upward band shift. This suggests that precipitation was a factor in the visualized inhibitory 

activity. 

 

We attempted to identify an alternate solvent system to increase the solubility of compound 

C and its analogs in the EMSA. It is important that the new solvent system does not interfere with 

the DNA/Ku or Ku/inhibitor binding because this would render the EMSA useless. Therefore, 

titrations of the solvents were performed to assess the effect of the new solvent on the DNA/Ku 

binding. Propylene glycol, ethanol 10% and higher in solution, DMSO higher than 10% in 

solution, and a mixture of 20% DMSO/80% cremophor all inhibited the binding of Ku to the DNA 

substrate (data not shown), and consequently, these solvents could not be utilized. Additionally, 

pH solutions lower than pH 7 inhibited DNA/Ku binding (data not shown). Therefore, more 

options need to be explored to keep the compounds in solution. 
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Discussion: 

In this study, we successfully identified 5 compounds, compounds C, L, C1, C3, and C8, 

which show promising inhibition of DNA/Ku binding. Further development of these compounds 

into pre-clinical drug candidates is currently hindered by 1) generally low solubility in aqueous 

environments and 2) relatively low affinity for Ku70/80. Therefore, we are currently pursuing 

several approaches. We are currently assaying our C, L, C1, C3, and C8 preparations for insoluble 

impurities that may be responsible for the observed partial precipitation of these compounds in 

aqueous solutions. We are also exploring options for developing the salt derivatives of the 

compounds, which should be more soluble than the current corresponding compounds. Finally, we 

are also collaborating with researchers within the University of Arizona College of Pharmacy to 

modify the compound C base structure by combinatorial chemistry to create a more soluble and 

more potent analog. 

In the meantime, cytotoxicity studies, such as MTS Assays, Neutral Red Uptake Assays, 

and Alkaline Phosphatase Tests need be completed for all the compounds to determine the toxicity 

of the compounds on human cells in vitro and assess the effects of the compounds on the viability 

of the cells. Also, a clonogenic survival assay will be performed to test the ability of identified 

compounds to enter human cells and interfere with the NHEJ pathway in vivo. Cultured cells will 

be exposed to varying doses of each compound and irradiated with varying doses of radiation. The 

surviving cells will then be stained and counted to determine if the compounds actually increase 

the radiation sensitivity of the cells and to determine the concentration and irradiation needed for 

maximal sensitization. If the cytotoxicity tests identify a radiation-sensitizing compound that is 

safe for use in cell culture, we will be able to move to mice studies to see if the compound is safe 

at the organismal level. 
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This work could set the foundation for the development of radiation-sensitizing medication 

to be used in conjunction with radiation therapy for more effective and safer treatment of solid 

cancers. It is known that nano particle structures can be used to selectively deliver medication to 

cancerous tissue (11). This technology coupled with a novel radiation-sensitizing medication could 

greatly improve current cancer treatment options by shuttling the medication to cancer cells 

specifically. 
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