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Abstract
DNA Polymerase Theta (Polθ), the enzyme responsible for the microhomologous-mediated end-joining (MMEJ) repair pathway of double stranded DNA breaks, has been identified as a drug target due to its role in treatment resistant cancers. The enzyme is comprised of a C-terminal polymerase domain, a central domain of unknown function, and an N-terminal helicase-like domain. Polθ has been marked for study due to the unknown nature of the helicase-like domain whose role in MMEJ has eluded scientists due to its lack of helicase activity. In this study, the Trypanosoma cruzi orthologue as well as the human variant KM16 of human Polθ were produced and purified for attempted structural studies. Using Ni-NTA nickel affinity, heparin, Q FF, histrap, and gel filtration chromatography columns, we attempted to isolate the protein and use dynamic light scattering to assess the structural radius of the orthologue and variant constructs. In the end both proteins evaded purification, but much progress was made on the development of a reliable protocol for isolating each protein. 
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DNA Polymerase Theta Background
Human DNA Polymerase Theta (Polθ) is a 2,590 amino acid (AA) polypeptide in the polymerase-A family encoded by the human POLQ gene and is an essential enzyme in the repair of double strand DNA breaks (DSBs) due to ionizing radiation. The protein consists of a C-terminal DNA polymerase domain, a central domain of unknown function, and an N-terminal helicase-like domain (Appendix 1) (Newman et al 2015). 
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Figure 1. Structure of Human DNA Polymerase θ. The structure of Polθ is comprised of an N-terminal helicase-like domain, a central domain of unknown function, and a C-terminal polymerase domain. The structure of helicase-like domain of Polθ was solved in 2015 by Newman et al. The structure of the polymerase domain was solved in 2015 by Zahn et al. The structure of the helicase domain is a tetramer that binds to DNA without an apparent helicase activity. Connected to the helicase-like domain via the central domain, the polymerase domain resembles a right hand. The fingers domain closes onto DNA and nucleotide to incorporate a nucleoside monophosphate into the DNA to facilitate microhomologous-mediated end-joining (Figure from Sylvie Doublié and Scott Vanson). 

DSBs are a serious concern for the stability and function of cells. DSBs can lead to fractured chromatids causing severe chromosomal instability, mutations, and cancer. Polθ fixes DSBs through microhomologous-mediated end-joining (MMEJ) as an alternative repair pathway from non-homologous end-joining (NHEJ) and homologous recombination (HR) (Zahn and Jensen 2021). The HR pathway utilizes chromatid templates during the S and G2 phases of the cell cycle when repairing DSBs resulting in a nearly error-proof DSB repair (Brombati et al. 2021). NHEJ is the most prevalent DSB repair pathway in mammalian cells as it is not restricted to any point in the cell cycle (Davis and Chen 2013). The NHEJ pathway repairs DSBs by first stabilizing both ends of the DNA lesion and then joining the two through phosphate-ester ligation (Davis and Chen 2013). The MMEJ pathway acts as a tertiary mechanism to ensure further chromosomal stability (Zahn and Jensen 2021). When DSBs occur, they are identified by the MRE11-RAD50-NBS1 (MRN) complex which induces a cascade of signal molecules to alert the cell to DNA damage (Qiu and Huang 2021). If both HR and NEHJ have been inhibited, Polθ repairs DNA by joining microhomologous sequences at DSBs through the use of nucleotide base insertions and deletions (Sfeir and Symington 2015). These microhomology sequences differ from homologous sequences in that they are much shorter and not based off chromatid templates. Polθ mediates nucleotide base deletions and insertions at DSBs to produce two overhanging microhomology regions that can then be joined (Wood and Doublié 2016). Although this pathway ensures chromosomal stability, Polθ’s lack of a proofreading activity leads to chromosomal mutations. MMEJ does not simply function as a backup to the NEHJ and HR pathways but may be linked to increasing genomic variation through recombination in the cell cycle (Brombati et al 2021). This indicates a more complex relationship between Polθ and DNA repair and resistance to ionizing radiation. 
Although Polθ serves an important role in DSB repair, it is also linked to cases of chemotherapeutic resistant cancers. Polθ is upregulated in cells lacking proficient NEHJ and HR pathways (Brombati et al 2021). As Polθ lacks proofreading activity, mutations accumulated in DSB repair can lead to cancer through the increase of translesion synthesis (TS) or the replication and inaccurate repair of damaged DNA (Sale 2013). Mutations resulting in the loss of cell checkpoint regulators allow for the replication of damaged or mutated DNA (Chen and Pomerantz 2021). In addition, an upregulation in Polθ results in increased MMEJ leading to further mutations which can be beneficial to cancer survival and proliferation (Ramsden et al 2023). Thus, Polθ is essential to cancer survival. 
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Figure 2. Microhomology-Mediated End-Joining by DNA Polymerase Theta. Double strand breaks (DSB) caused by ionizing radiation are identified by resection proteins. Replication protein A (RPA) latches onto the exposed overhanging single strands of DSBs. DNA polymerase θ (Polθ) then binds to the overhanging strands through its helicase-like domain (blue ovals) to align two microhomology regions, which will allow the polymerase (pale blue ovals) to start adding nucleotide bases. The resulting double-stranded DNA is genetically different from its original configuration. Figure adapted from Ramsden et al 2022. 

As common cancer therapies attack DNA—such as radiotherapy which targets DNA by creating DSBs—increased Polθ levels lead to decreased therapeutic efficacy. Around 70% of breast and epithelial ovarian cancers have increased Polθ which is now being used as a marker for identifying the severity of specific cases (Chen and Pomerantz 2021, Higgins et al 2010). In addition, a 2004 study done at the Chiba Cancer Institute in Chiba, Japan found that in a case study of 81 patients, Polθ was upregulated 63% in lung cancer, 39% in stomach cancer, and 77% in colon cancer with the notable addition that Polθ was nearly undetectable in non-cancerous tissues (Kawamura et al 2004). These data mark Polθ as potential drug-target against aggressive forms of cancer. Although the crystal structures of the helicase and polymerase domains of human Polθ were solved in 2015, the role of the helicase domain is still under investigation (Zahn et al, 2015 and Newman et al., 2015). One important question that remains is why the helicase domain exists as a tetramer. More specifically the structure of the helicase domain exists as a dimer of dimers within the tetrameric structure. This is present both in solution and in crystal structures. However, what is strange is that the polymerase, when attached via a central linker exists predominantly as a monomer. 
	DNA polymerases and helicases are traditionally encoded by different genes and expressed as separate proteins, with Polθ being the exception. The Polθ-HLD resembles helicases in the superfamily 2 (Zahn et al 2015 and Vanson et al 2022). The superfamily 2 helicases are ATP-dependent 3’-5’ unraveling enzymes that attack the lagging strands during DNA replication. However, Polθ-HLD has no detectable helicase activity (Newman et al 2015). This begs the question, how does Polθ-HLD function in the MMEJ pathway? 
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Figure 3. DNA Polymerase θ Helicase-Like Domain Structure in Complex with ADP.   (Published by Newman et al in 2015, PDB ID Code 5A9F; rendered with PyMol). The Helicase-Like domain adopts a tetrameric structure bound to ADP (dimer of dimers). The four colored regions, magenta, yellow, cyan, and green represent the 4 monomers of the DNA polymerase θ helicase-like domain. The purple spheres represent potassium ions, and the stick-structure molecules represent ADP (red). The structure of Polθ-HLD has two interfaces, one parallel to the Y-axis and one parallel to the X-axis. The Polθ-HLD binds DNA and has a pI of 7.07. The dimer has a predicted molecular weight of 200.6 kDa (Gasteiger et al 2003).

Polθ-HLD Orthologue in Trypanosoma cruzi
	The eukaryote Trypanosoma cruzi (T. cruzi) is an important factor in the study of the Polθ-HLD as it expresses the Polθ polymerase domain (Polθ-PD) and Polθ-HLD as gene products (de Lima et al 2019). The examination of the T. cruzi Polθ-HLD orthologue may reveal more insight into the human Polθ-HLD through the examination of structure and thus binding domain and enzymatic activity (Appendix 2). The T. cruzi construct is comprised of 920 residues and has a pI of 6.09 and a MW of 99.503 kDa (Table 2) (Gasteiger et al 2003). An experiment done by de Lima et al (2019) indicated that the T. cruzi Polθ-HLD orthologue bound to origin replication complex (ORC) present in the S phase of cell replication functioning as an inhibitor. This study therefore suggests that Polθ plays a role in modulating DNA replication. With little known as to the function of human Polθ-HLD, examination of orthologues can point to Polθ-HLD function in DNA repair, replication, and cancer survival in humans.  

Interface Variant of the Helicase-Like Domain
As Polθ-HLD exists as a tetramer (dimer of dimers) in solution and in crystal structures (Figure 3), an important point of study is to examine the structural properties of its different oligomeric forms. Through the use of AA base mutations, we can attempt to disrupt the tetrameric interface with the aim of obtaining a dimeric or monomeric form. For this study, we will be examining the triple mutant Polθ-HLD ‘KM16’ (Appendix 3) developed by Dr. Kedar Moharana at the University of Vermont. The KM16 triple mutant contains an asparagine to glutamic acid mutation at residue 774, a leucine to aspartic acid mutation at residue 777, and a leucine to lysine mutation at residue 778 (N774E, L777D, L778K) (Figure 4). The pI of this variant is calculated to be 7.77 with an estimated molecular weight of 100.3 kDa (Gasteiger et al 2003). By introducing two negatively charged residues and one positively charged residue the goal is to disrupt the tetrameric interface to yield a potential dimer or monomer. 
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Figure 4. Visualization of the KM16 Variant Amino Acid Changes. The KM16 variant exhibits the three ammino acid changes N774E, L777D, L778K. These are visualized on the DNA Polymerase θ Helicase-Like Domain Structure solved by Newman et al in 2015 (PDB ID code 5A9F; rendered with PyMol). Black spheres represent the N774E change, red spheres represent the L777D change, and blue spheres represent the L778K change. This visualization represents the amino acid changes within the solved structure but does not represent any putative conformational changes that may result from these mutations. 

Purpose
	The goal of my thesis project is to refine the protein purification procedure for the human Polθ KM16 triple variant and T. cruzi orthologue in order to produce, purify, and examine the structural interface through the use of gel filtration, dynamic light scattering (DLS), and X-ray crystallography testing. We hypothesize that through expression in E. coli cells and purification by chromatography columns, we will be able to produce the protein and eliminate potential contaminants allowing for the isolation of our desired protein. Based on the literature, we anticipate the T. cruzi orthologue to purify as a tetramer. Based on the structure of the wild-type human Pol-HLD and the literature, we anticipate that the mutations in the KM16 human variant may lead to dimeric or monomeric forms. If we are successful, these monomeric or dimeric forms of Polθ-HLD can be tested in vitro and in vivo with our collaborators at the University of North Carolina at Chapel Hill who have the ability to test the activity of the variant in human cells.  
Overall, the structure and function of Polθ-HLD remains somewhat of a mystery as to its role in the MMEJ pathway and its presence as a combination of a helicase and polymerase unlike any other known polymerase in human cells. Through the examination of various homologues, we may be able to unlock answers to these questions leading to the development of potential drugs targeted at the knockdown of Polθ creating a greater sensitivity to chemotherapies. 

Materials and Methods
Transformation
	Trypanosoma cruzi
Frozen E. coli strain BL21(DE3) cells were retrieved from a -80°C storage and thawed on ice (New England Biolabs). T. cruzi Δ194 Helicase or Full-Length Helicase plasmid (DNA constructs were synthesized by GenScript and codon optimized for expression in E. coli cells) were retrieved from -20°C storage. Once thawed, plasmid and cells were combined in a ratio of 1:20 by volume and allowed to sit on ice for 30 minutes. After, the sample was shocked for 30 seconds in a 42°C water bath. Sample was then allowed to rest on ice for five minutes before being combined with SOC Outgrowth Medium in a ratio of 3:50. The sample was then placed into a shaker to incubate at 37°C moving at an RPM of 215 for one hour. Agar plates were treated with Kanamycin (KAN) antibiotic at 30 mg/mL and left to warm to room temperature. After incubation, the total sample volume was pipetted onto a treated agar plate and allowed to incubate for ~17 hours at 37°C. Method was adapted from Newman et al 2015, by Dr. Scott Vanson and April Averill in the Doublié lab at the University of Vermont. 
	KM16 Triple Mutant
Frozen E. coli strain Rosetta 2 pLysS (R2P) cells were retrieved from a -80°C storage (EMD Millipore). KM16 triple mutant plasmid (GenScript) was retrieved from -20°C storage. Once thawed, plasmid and cells were combined in a ratio of 1:20 by volume and allowed to sit on ice for 30 minutes After, sample was shocked for 30 seconds in a 42°C water bath. Sample was then allowed to rest on ice for no more than five minutes before being combined with SOC Outgrowth Medium in a ratio of 3:50 by volume. Sample was then placed into a shaker to incubate at 37°C moving at an RPM of 215 for one hour. Agar plates were treated with Carbenicillin (CAR) at 100mg/mL and Chloramphenicol (CAM) at 34 mg/mL and left to warm to room temperature. After incubation, the total sample volume was pipetted onto a treated agar plate and allowed to incubate for ~17 hours at 37°C. Method was adapted from Newman et al 2015, by Dr. Scott Vanson and April Averill in the Doublié lab at the University of Vermont.

60-Hour Autoinduction
1L Terrific Broth medias (TB) were prepared with Millipore Milli-Q filtered H2O (mqH2O) (Fisher BioReagentsTM). Each flask with media was autoclaved at 70°C for 1.5 hours at a PSI of 15. Solutions were allowed to then cool to room temperature. In a ratio of 1:1000 antibiotic to TB volume, desired antibiotic was added to TB. Then, sugar mix composed of 10% -Lactose, 2.5% glucose, and 25% glycerol was added to flasks in a ratio of 1:50 sugar solution to TB (Studier 2005). After examining the plate, 3 individual colonies were selected from transformed agar plates (cell colonies selected were non-touching and had an approximate 0.25 mm diameter) and introduced per one liter of TB. Flasks were then placed into a shaker and allowed to incubate for 60 hours at 20°C at an RPM of 215. After 60 hours, TB samples were then subjected to centrifugation at 6,000 RPM (Thermo Fischer Scientific Fiberlite Centrifuge)  for 12 minutes. Supernatant was then removed and pelleted cells were collected and stored at -80°C. 

IPTG Induction
1L TB (Thermo Fischer Scientific) flasks were prepared using mqH2O and 4% glycerol (GOL). In addition, 100 mL of Liquified Broth (LB) (Thermo Fischer Scientific) was prepared using mqH2O. Each flask was autoclaved at 70°C for 1.5 hours. Solutions were allowed to then cool to room temperature. In a ratio of 1:1000 antibiotic to TB volume, desired antibiotic was added to TB. 1 colony (cell colonies selected were non-touching and had an approximate 0.25 mm diameter) was isolated from the transformed agar plate and introduced into the LB sample and placed in a shaker to incubate at 37°C at 215 RPM for ~16 hours. After 16 hours, the starter culture in a ratio of 1:100 by volume LB to TB was introduced to each flask of TB. From here, using a sample of the cell culture, cell concentration was measured using a Varian Cary 50 Bio UV-Visible Spectrophotometer at absorbance at 600 nm (A600) until the OD600 registered 0.8-1.0. From here the TB flasks were allowed to cool for 15 minutes at a temperature of 3°C. After cooling, 5 mM of Isopropyl ß-D-1-thiogalactopyranoside (IPTG) was added to TB samples. Following this, flasks were returned to the shaker with the temperature reduced to 24°C and cells allowed to grow for 6 hours. After 6 hours, TB samples were then subjected to centrifugation at 6,000 RPM (Thermo Fischer Scientific Fiberlite Centrifuge) for 12 minutes. Supernatant was then removed and pelleted cells were collected and stored at -80°C. 

Cell Lysis 
Cell pellets were thawed and dissolved into 20 mM sodium phosphate buffer (SPB) pH 6.8, 300 mM NaCl, 20 mM imidazole, 5 mM  β-mercaptoethanol (BME), 0.01% NP-40 (nonionic polyoxyethylene surfactant), and 10% glycerol or 20 mM Tris, pH 8.5, 300 mM NaCl, 10 mM imidazole, 5 mM βME, 10% glycerol, and 0.01% NP-40 lysis buffer with a ratio of 4 mL lysis buffer to 1 g of pellet with an addition of phenylmethylsulfonyl fluoride (PMSF) at 500 mM. Next, the sample was subjected to sonication for an interval of 30 seconds at high sonication with a 30 second rest period. This was done until the consistency of the solution became watery (~8 rounds of sonication). All steps were done on ice to maintain enzymatic stability. After sonication, lysed sample was centrifuged at 11,240 RPM (Thermo Fischer Scientific Fiberlite Centrifuge) for 1.5 hours. After 1.5 hour the cleared lysate was removed from the pellet and run through a Ni-NTA sepharose column (Sigma Aldrich). 

Ni-NTA Sepharose Column
Ni-NTA sepharose column beads (Sigma Aldrich) were combined with cleared lysate from the Cell Lysis step in a ratio of 1:3 and allowed to interact for thirty minutes with a stir bar and on ice. Nickel-lysate was then poured into a gravity column, and sample was allowed to flow through. Afterwards, beads were washed with 20 mL of 20 mM SPB pH 6.8, 300 mM NaCl, 20 mM imidazole, 5mM BME, 0.01% NP-40, and 10% glycerol was collected as a wash sample. Then to liberate protein from the nickel beads, the column was eluted with 20 mL of SPB pH 6.8 20 mM, NaCl 300 mM, glycerol 10%, imidazole 400 mM, NP-40 0.01%, BME 5 mM. Fractions were collected and stored on ice. Elution was dialyzed from 20 mM Tris, pH 8.5, 300 mM NaCl, 10 mM imidazole, 0.01% NP-40, 5 mM βME, 10% glycerol lysis buffer to 20 mM Tris, pH 8.5, 100 mM NaCl, 10 mM Imidazole, 0.01% NP-40, 5 mM βME, 10% glycerol dialysis buffer.

Q FF Affinity Column
Ni-NTA Sepharose Column sample was then dialyzed to 50mM NaCl with other buffer parameters kept constant before being loaded onto a 1 mL Q-FF column (Cytiva). Using an ÄKTA pure chromatography system (Cytiva) the protein was eluted over a 0.05-1 M NaCl gradient. After the column was run, each fraction was analyzed for protein concentration and DNA content on Nanodrop® and protein content was assessed on an SDS-PAGE gel. Desired fractions were then pooled and stored on ice until further use. 

SUMO Protease Cleavage 
The entire elution sample from Ni-NTA Sepharose Column step was diluted 1:1 with 20 mM SPB pH 6.8, 10% glycerol, 400 mM imidazole, 5 mM BME. Diluted sample was then combined with Ubl-specific protease 1 (SUMO) 1:1 (prepared from plasmid produced from Gen Script). Sample was then divided into 1mL aliquots and was placed on a rotisserie to spin slowly for ~16 hours at 4°C. After SUMO cleavage samples were centrifuged for 1 minute to remove any precipitated protein. 

Heparin Affinity Column 
SUMO Protease Cleavage samples were pooled and run over a Heparin Affinity column (Cytiva) using an ÄKTA pure chromatography system (Cytiva). A NaCl elution gradient of 0.5-1 M was used to elute sample. Samples were collected and run on SDS-PAGE gels and Nanodrop® to determine presence of desired protein. Desired fractions were pooled and stored on ice until further use. 

Concentration 
Desired column samples were run on an SDS-PAGE gel to determine protein presence and were then pooled. Sample was placed into equilibrated 4 mL or 15 mL Centrifugal Unit (Sigma Aldrich) tube and centrifuged at 6,600 RPM (Thermo Fischer Scientific Fiberlite Centrifuge) until sample volume reached less than 500 µL. Concentrated sample was then run on Nanodrop© to determine protein concentration and DNA presence using A260/A280.

Histrap Affinity Column
SUMO protease cleaved fractions were pooled and run over a 1mL histrap affinity column (Cytiva) with 20 mM Tris, pH 8.5, 300 mM NaCl, 10 mM imidazole, 0.01% NP-40, 5 mM BME, 10% glycerol over a 10-500 mM imidazole gradient. Fractions were analyzed for protein concentration and DNA content on Nanodrop® and protein content was assessed on an SDS-PAGE gel. Desired fractions were then pooled and stored on ice until further use. 

SDS-PAGE Gel
SDS-PAGE gels were produced with running and stacking layers. The 12% polyacrylamide running gel was made from 1.5M Tris pH 8.8, 40% acrylamide, 1% SDS, ammonium persulphate (APS) 10%, and the 4.5% stacking gel was made from 0.5 M TRIS pH 6.8, 40% acrylamide, 1% SDS. To prepare protein for loading, 16 µL of desired samples were loaded with 6µL of 4X loading dye (Thermo Fischer Scientific) and boiled for 1 minute at 100°C. All samples were run against 4 µL BLUelf prestained molecular weight standard ladder (Azura Genomics) at 160 V for 58 minutes in 25 mM Tris Base, 250 mM glycine, and 0.1% SDS running buffer. Gels were then stained with Coomassie Blue (Anatrace) and destained with mqH2O until bands appeared. 

Results
T. cruzi Full-Length Helicase Domain
Over the course of two months, two autoinduction cell growths were performed at 20°C at 215 RPM with BL21(DE3) cells (Table 1). Figure 5 shows the SDS-PAGE gel results of the Full-Length T. Cruzi helicase-like domain (TC-FL). In this experiment, we used a protocol derived from the Newman et al 2015 and modified by Dr. Scott Vanson and April Averill for Polθ-HLD wild type preparation. Our protein, which passed through the Ni-NTA sepharose column did not appear to be in the sample. The band would have appeared at ~110 kDa due to the molecular weight being ~100 kDa with a 10 kDa his tag (Figure 5). Between the cell pellet, 1:10 diluted pellet, cleared lysate, flow through, wash and elution fractions were all clear of protein of interest. 
	An order and disorder map were rendered using PONDR (Figure 6) to inform us of the ordered and disordered regions of the full-length construct. From this projection, it was determined that the first 194 residues contained a large amount of the disordered region of the full-length protein. We decided to remove these residues and we produced the T. cruzi Δ194 plasmid.

T. cruzi Δ194 Helicase-Like Domain
After TC-HLD failed to express, the truncated TC helicase-like domain Δ194 was then grown by autoinduction at 20°C at 215 RPM with BL21(DE3) cells (Table 1). The first 194 residues were deleted based on sequence alignments and disorder prediction by Dr. Scott Vanson at the University of Vermont. The same expression protocol was enacted, with similar results to the TC-FL. There was no visible band at ~89 kDa shown in Figure 7—the MW of our protein—with no bands coming out in the pellet, cleared lysate, flow through, wash or elution. This indicated an expression issue that needed to be explored. It became evident that a new expression procedure would need to be produced in order to continue. With time constraints, it was decided to shelve T. cruzi testing for the time being. 

Human KM16 Variant Autoinduction and Newman procedure
For the human KM16 variant, the intention was to use a modified Newman et al. 2015 procedure, i.e., to run the sample through a Ni-NTA sepharose column, SUMO protease cleavage, heparin column, histrap, gel filtration, and lastly to concentrate the sample. Over the course of a month and a half, three autoinduction pellets were grown, lysed, and processed through the Ni-NTA sepharose step (Table 1). Preparation 1 was grown at a temperature of 20°C at 215 RPM, preparation 2 20°C at 210 RPM, and preparation 3 at 20°C and 205 RPM to evaluate expression as slower shaker speed in relation to protein expression. For the first two preparations, the Ni-NTA sepharose step was inconclusive as SDS-PAGE gels were unreadable. The ladder had shifted making accurate MW readings impossible and there were no discernable bands on the gel. However, after the third preparation, a sample of the flow through, cleared lysate, and elution volume was run on an SDS-PAGE gel with a thin, but distinct band visible at ~110 kDa (Figure 8). When compared to the wild type Polθ-HLD band however there was a significant difference in band intensity indicating a much smaller protein concentration in our sample.  


Human KM16 variant IPTG Induction 
Due to a seemingly low expression with traditional autoinduction, IPTG induction was tested as a means of a more controlled mode of protein expression. Over the course of a month and a half, four IPTG induction growths were performed with three pellets being viable. Each sample was lysed, run over a Ni-NTA sepharose column followed by a heparin column. The first preparation resulted in inconclusive data resulting from the SDS-PAGE gels as the ladder migration made it impossible to determine molecular weights. In addition, due to low protein levels, protein bands failed to show on SDS-PAGE gels even with 3x staining and destaining. 
	Preparations 2 showed the presence of KM16 in SDS-PAGE gels (Figure 9), low DNA content on Nanodrop® (Table 2), and low protein content on the heparin chromatogram (Figure 10). A 6-hour IPTG-induction was performed to test for efficacy at protein expression. SDS-PAGE gel results were more conclusive than previous gels. However, gels run at 160V for 58 minutes had bands that ran halfway down the gel, indicating an issue with either the gel, the running buffer, or the power supply. We were able to ameliorate the gel issues by remaking the gels, running buffer, and resetting the power supple. Although some samples were lost, Figure 9 shows the results from the Ni-NTA sepharose column from preparation 2, with a distinct band appearing at ~110 kDa for the elution step. This is in line with what we had seen previously with autoinduction for the same plasmid. The heparin column chromatogram showed a distinct peak between fractions 13 and 19 in the elution gradient (Figure 10). The SDS-PAGE gel for the fractions collected off the heparin from preparation 2 were inconclusive as a result of migration and band blending. 
Preparation 3 was prepared using a 15-hour IPTG induction. However, results were inconclusive with SDS-PAGE gels because of migration issues as well as a lack of bands showing up even with 3x staining and distaining. Although the data for the Ni-NTA sepharose column collected for preparation 3 was inconclusive, the heparin column results showed a peak in the elution gradient between fractions 22 and 26 (Figure 11). These fractions were analyzed using the Nanodrop® as well as fraction 4 from the flow through and wash gradient and assessed for protein concentration (Table 2). Fraction 4 indicated high protein whereas fractions 22-26 indicated low protein concentration. Fractions 24 and 25 were pooled and concentrated down from 2 mL to 100 µL at a final protein concentration of 2.93 mg/mL. No further results were gathered from this sample because it was accidently discarded. IPTG induction was successful in producing KM16, but in low levels. With a clearer understanding of our autoinduction data, it was decided to shift back to this method of growth. 

Human KM16 Variant Autoinduction with Modified Purification Procedure
We returned to autoinduction after IPTG induction indicated lower expression levels. This procedure was modified from the original protocol (Newman et al 2015) with input from April Averill (Protein Expression Core, Doublié lab). Over the course of a month two pellets were grown and lysed using a new lysis buffer, switching 20 mM SPB pH 6.8 to 20 mM Tris pH 8.5 and swapping the heparin column for an anion exchange Q FF column. 
	Preparation 1 was grown at 20°C at 215 RPM. It was lysed and run over a Ni-NTA sepharose column. The elution fraction from the Ni-NTA sepharose column showed a distinct band at ~110 kDa indicating the presence of KM16 (Figure 12A). The sample was then dialyzed to 50 mM NaCl with remaining buffer parameters kept constant and run over a 1 mL Q FF column. The chromatogram from the Q FF column (Figure 13) showed 3 distinct peaks at fraction 26, 33, and 45. Fractions were run on an SDS-PAGE gel and processed with a 2x staining and destaining to reveal distinct bands at ~110 kDa (Figure 12B). These same samples were also examined using the Nanodrop® and assessed for DNA content. The SDS-PAGE gel revealed that fractions 42-45 showed a distinct band at ~110 kDa. The fraction eluted at ~300mM NaCl, which was consistent with the Polθ-HLD wild type construct. The elution fraction from the nickel step was run in tandem with the Q FF column fractions, and we can see that the band was conserved throughout the purification. Bands 42-24 showed the presence of a second distinct band ~70 kDa and extremely light bands at ~60, ~50, and ~20 kDa. When examining the other fractions, some KM16 was lost in the 33-35 fraction peak, however other contaminants were removed. The Nanodrop® results (Table 2) indicated that most of the DNA was removed by the Q FF column step, as expected in the 26-fraction peak. Fractions 43-45 were pooled and subjected to SUMO protease cleavage and run on a 1 mL histrap column. After being run over the histrap column, the sample largely disappeared due to either dilution or the salt gradient causing the protein to crash out of the solution (Figure 14). In Figure 14 the SDS-PAGE gel shows a successful cleaving of the his tag by SUMO protease cleavage, however samples taken from across the histrap chromatogram failed to reveal the presence of our protein. Lane 7 in Figure 15 shows an extremely pale band at ~100 kDa. 

Discussion
Trypanosoma cruzi
Over the course of two months, four attempted protein preps were performed, one each with TC-FL and TC-Δ194 plasmid constructs. Each sample only made it through the Ni-NTA Sepharose column and when samples were run on a gel, there appeared to be little to no expression. The truncated TC-HLD plasmid Δ194 was designed to increase expression due to the elimination of a disordered region in the protein sequence. However, as shown in Figures 5 and 6, there was no change in the expression of TC-HLD in the elution fractions. We would have expected our TC-HLD-FL to show up at around 110 kDa band and the TC-HLD Δ194 to show up at around 89 kDa. When examining the flow through and wash fractions, there appears to be an extremely weak band eluting in the wash column at around 110 kDa for TC-HLD-FL and no band for TC-HLD Δ194 in the wash band. This suggested to us that the issue was with the buffer. The lysis buffer may need to be adjusted to better bind the desired protein to the Ni-NTA sepharose column. In addition, the temperature and shaker speed may need to be modified to increase protein expression. Figures 5 and 6 represent increasing RMP experiments where samples were grown at 230 RPM in Figure 5 and 235 in Figure 6. Results were inconclusive as RPM seemed to have no effect on expression between samples. In the interest of time, I decided to shelve the T. cruzi project for the time being to focus the rest of my experiments of the human KM16 variant.

Human KM16 Triple Variant 
	The human KM16 variant experiments resulted in greater success than the TC-HLD experiments. The plasmid vectors were sequenced in their entirety by Plasmidsaurus before proceeding with experimentation. Expression of protein was the focus of the study with three methods being evaluated to increase expression: Autoinduction, a 6-hour IPTG-induced induction, and a 15-hour IPTG-induced induction were all performed to identify the best set of variables for cell growth and expression of the variant. 
Early tests done with autoinduction were inconclusive due to SDS-PAGE gel running issues. BLUelf ladder samples were migrating anomalously on SDS-PAGE gels, making accurate MW readings impossible. In addition to this, there was little to no band differentiation between sampled fractions leading to inaccurate readings. It was eventually concluded that fresh SDS-PAGE gels needed to be made as gels with an increased acrylamide content would make for slower migration through the gel matrix. It appeared as well that the power supply’s connecting wires needed to be replaced for a proper flow of current through the gel. Eventually, a presentable gel was produced using fractions from the Ni-NTA Sepharose column, which revealed the presence of KM16, although at low concentration, as a ~110 kDa band. 
	My initial observations of autoinduction procedure led me to investigate other modes of cell growth. IPTG induction, which activates the lac operon through the introduction of IPTG (which binds to the lac operon promoter) directly into the sample to promote plasmid production (Gomes et al 2020). Both 6-hour at 24°C and 200 RPM, and 15-hour 18°C at 200 RPM growths were performed. Over the course of a month and a half, three 6-hour and one 15-hour IPTG induction pellets were produced. Both the 6-hour and 15-hour growths were successful in producing KM16 but, based on Nanodrop® results, expressed the desired protein in low amounts. The 15-hour IPTG was able to produce a slightly improved protein expression concentration based on the heparin Nanodrop® results, but not enough to reasonably continue with the purification procedure. Preparation 2, using the 15-hour IPTG protocol resulted in 100 µL of a 2.93 mg/mL sample that was accidently discarded. This sample would have been run over the histrap column. Although it was a small amount of protein it suggests that IPTG may still be a viable avenue for KM16 production. 
	After we determined that IPTG was not proving to be an effective means of KM16 expression, we decided to shift back to autoinduction and trying a new purification method proposed by April Averill. This procedure modified a number of steps from the original procedure by replacing the cation heparin column with an anion exchange Q FF column and changing the pH of the lysis buffer from SPB pH 6.8 to Tris pH 8.5. We also added a double-dialysis step between the Ni-NTA Sepharose column and the Q FF column to decrease the NaCl concentration from 300 mM to 50 mM. The first step lowered our NaCl concentration from 300 mM to 100 mM and then a second dialysis lowered the NaCl from 100 mM to 50 mM. Polθ-HLD wild type sits comfortably at 300 mM and a drastic drop in NaCl concentration can cause the protein to crash out. By lowering the NaCl concentration slowly, we hoped to prevent this. The initial results of the new procedure were promising. The Q FF column worked much more efficiently at removing the DNA from the solution. However, based on the Nanodrop® results the level of protein present from the Q FF column was relatively low compared to the Polθ-HLD wild type. We combined this 1:1 with SUMO protease which successfully cleaved the his tag from KM16. This can be seen in the S lane of Figure 14. In this lane we can see a strong band at ~100 kDa indicating our protein. However, when loaded onto the histrap column after SUMO protease cleavage, the peak usually seen in the flow through fraction was not present (Figure 13). These data suggest that the KM16 variant may either express at lower levels than the wild-type Polθ-HLD or that it is crashing out in one of the steps. In the SUMO protease cleavage step, there is a chance that the protein may aggregate after the his tag is removed. However, in all the samples we observed, there was no visible precipitant. In addition, when putting the samples through dialysis, there also seemed to be no precipitant. 

Conclusion
	In conclusion, further testing needs to be done in order to determine the oligomeric state of both the T. cruzi and KM16 helicase-like domains. Much progress was made on the optimization of the purification protocol, but expression and solubility stability need to be further examined in order to gain a specific yield of each desired protein. Switching the buffers from SPB pH 6.8 to Tris pH 8.5 had a marked impact on the isolation of KM16. The introduction of the Q FF column improved the protein yield of KM16 between column steps. The addition of a dialysis step between the Ni-NTA Sepharose column and the Q-FF column also seemed to improve the yield of KM16. More testing needs to be done to see if KM16 requires more specific parameters during growth and expression in E. coli cells. 
	The T. cruzi TC-HLD and TC-Δ194-HLD constructs could be expressed in T. cruzi epimastigote cells, as in being done for the polymerase domain in collaboration with Dr. Bruno Martorelli di Genova (MMG). The rationale is that the eukaryotic protein has a better chance of being expressed and properly folded in its own expression system. The T. cruzi protein has the potential to provide a lot of insight into the mechanism of MMEJ and the function of the helicase domain. 
	With regard to cancer, Polθ can be directly linked to chemotherapeutic resistance. Our ability to find new cancer treatments may rely on inhibiting Polθ’s polymerase activity or altering the oligomeric state of the full-length enzyme. Such findings could lead to an improved chemotherapeutic process and an increase in the quality and length of life for patients suffering from cancer. 

Future Aims
There are many directions this project can go. The first would be a mass spectrometry analysis of the bands excised from the gels run after the Q FF column. Figure 10 shows a second distinct band on the elution fraction containing KM16 as well as earlier elution steps. Fractions 33-35 show a sizeable amount of KM16 being lost before other contaminants are removed. This would give us a better insight into what specific proteins are being removed in these steps and how we might be able to better refine the purification process to decrease the amount of protein lost. As of yet, gel filtration and dynamic light scattering (DLS) analysis of isolated proteins have not yet been conducted. When the protein is isolated, DLS can be used to estimate the radius of the protein in solution and from that we can infer the oligomeric state of the enzyme. 
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Tables 
	Date
(Year
Month
Day)
	Plasmid
	Induction
	Pellet (g)
	Columns used
	Summary of results 

	220908
	TC-FL
	Auto
	41.07
	Nickel affinity
	SDS-PAGE gel resulted in little to no expression of protein. Ended preparation. Decided to move onto TC-∆194 construct for better expression.

	220929
	TC-∆194
	Auto
	40.76
	Nickel affinity
	SDS-PAGE gel resulted in little to no expression of protein. Ended preparation. Re-examination of plasmid resulted in faulty vector. 

	230116
	KM16
	Auto
	31.29
	Nickel Affinity
	SDS-PAGE gel results were inconclusive, led to believe there was an expression issue. Ended preparation. Worked on modifying autoinduction procedure.

	230123
	KM16
	Auto
	30.02
	Nickel Affinity
	Decreased RPM from 215 to 210. SDS-PAGE gel results were inconclusive, led to believe there was an expression issue. Ended preparation. Worked on modifying autoinduction procedure.

	230130
	KM16
	Auto
	31.15
	Nickel Affinity 
	Decreased RPM from 210 to 205. SDS-PAGE gel results concluded the presence of KM16 in elution fraction. Moved onto IPTG induction for expression. Ended preparation.

	230206
	KM16
	6-IPTG
	20.54
	Nickel Affinity
	SDS-PAGE gel results were inconclusive, remade running buffer but no results improved. Ended preparation.

	230220
	KM16
	6-IPTG
	27.75
	Nickel Affinity,
Heparin
	SDS-PAGE gel results confirmed presence of KM16 in sample. Heparin SDS-PAGE gel was inconclusive. Ended preparation.

	230303
	KM16
	*6-IPTG
	35.18
	N/A
	Sample was produced with either defective TB or contaminated TB. Pellet was grown and then discarded. 

	230320
	KM16
	15-IPTG
	18.07
	Nickel Affinity,
Heparin
	SDS-PAGE gel results confirmed presence of KM16 in sample. Heparin SDS-PAGE gel was inconclusive. Condensed heparin fractions, but sample was discarded accidentally. Ended preparation.

	230408
	KM16
	Auto
	40.07
	Nickel Affinity, Q-FF, His-Trap
	SDS-PAGE gel results confirmed the presence of KM16 in sample in both Nickel and Q-FF fractions. 


Table 1. Summary of Experiments. All protein preparations enacted over the course of the project are designated by each column. Pellets were grown using either autoinduction (auto) or IPTG (6-IPTG, 15-IPTG) induction with 2L of Terrific Broth (TB). Autoinduction pellets were grown for 60 hours at 20°C at 215 RPM unless specified. IPTG-6 pellets were grown for 6 hours at 24°C at 200 RPM. IPTG-15 pellets were grown for 15 hours at 18°C at 200 RPM. *IPTG-6 was grown with 3L TB instead of 2L. 




































Figures and Figure Legends 
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Figure 5. SDS-PAGE Gel of Full-Length Trypanosoma cruzi Helicase-Like Domain Ni-NTA Sepharose Column Fractions. T. cruzi Full-Length plasmid was transformed into BL21(DE3) E. coli cells (New England Biolabs). Cells were cultured in 2L Terrific Broth with glycerol (Thermo Fisher) at 20°C at 230 rpm. Cells were grown with kanamycin antibiotic for 60 hours. After growth, cells were lysed with 20 mM Tris-p.H 7.5, 300 mM NaCl, 10% glycerol, 20 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol lysis buffer on a sonicator. Lysed cells were centrifuged and cleared lysate was passed through a Ni-NTA Sepharose column (Sigma Aldrich), washed with 20mL of lysis buffer and eluted with 20 mM Tris-p.H 7.5, 300 mM NaCl, 10% glycerol, 400 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol. Samples were run on an SDS-PAGE gel for 58 minutes at 160V. Gel was double stained with Coomassie Blue (Anatrace) and double de-stained with ddH2O. L represents BLUelf MW standard ladder (Azura Genomics), P represents pellet fraction, Pd represents 1:10 diluted pellet fraction, CL represents cleared lysate fraction, FT represents flow through fraction, W represents wash fraction, and E represents elution fraction with protein ladder on the far left with values being in kDa. Expected band at 110 kDa in elution step not found. 
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Figure 6. Disorder Plot of T. cruzi Full Length Plasmid. Rendered in PONDR, the disorder plot shows the ordered and disordered regions of the T. cruzi Full Length plasmid. This data was assessed using a protein structure database. Anything below the x-axis represents ordered regions of the protein whereas anything above the x-axis represents disordered regions of the protein. The first 194 residues were removed based on this data to create a new plasmid with a higher concentration of ordered regions. 
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Figure 7. SDS-PAGE Gel of ∆194 Trypanosoma cruzi Helicase-Like Domain Ni-NTA Sepharose Column Fractions. T. cruzi ∆194 plasmid was transformed into BL21(DE3) E. coli cells (New England Biolabs). Cells were cultured in 2L Terrific Broth with glycerol (Thermo Fisher) at 20°C at 230 rpm. Cells were grown with kanamycin antibiotic for 60 hours. After growth, cells were lysed with 20 mM Tris-p.H 7.5, 300 mM NaCl, 10% glycerol, 20 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol lysis buffer on a sonicator. Lysed cells were centrifuged and cleared lysate was passed through a Ni-NTA Sepharose column (Sigma Aldrich), washed with 20mL of lysis buffer and eluted with 20 mM Tris-p.H 7.5, 300 mM NaCl, 10% glycerol, 400 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol. Samples were run on an SDS-PAGE gel for one hour at 120V. Gel was double stained with Coomassie Blue (Anatrace) and double de-stained with ddH2O. L represents 4 µL BLUelf MW standard ladder (Azura Genomics), P represents 1:10 diluted pellet fraction, CL represents cleared lysate fraction, FT represents flow through fraction, W represents wash fraction, and E represents elution fraction with protein ladder on the far left with values being in kDa. Expected band at 89 kDa in elution step not found. 
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Figure 8. SDS-PAGE Gel of KM16 triple mutant helicase domain Ni-NTA Sepharose Column Fractions. KM16 plasmid was transformed into Rosetta 2pLysS E. coli cells (New England Biolabs). Cells were cultured in 2L Terrific Broth with glycerol (Thermo Fisher) at 20°C at 210 rpm. Cells were grown with chloramphenicol and carbenicillin antibiotic antibiotic for 60 hours. After growth, cells were lysed with 20 mM SPB-p.H 6.8, 300 mM NaCl, 10% glycerol, 20 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol lysis buffer on a sonicator. Lysed cells were centrifuged and cleared lysate was passed through a Ni-NTA Sepharose column (Sigma Aldrich), washed with 20mL of lysis buffer and eluted with 20 mM Tris-p.H 7.5, 300 mM NaCl, 10% glycerol, 400 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol. Samples were run on an SDS-PAGE gel for one hour at 160V. Gel was double stained with Coomassie Blue (Anatrace) and double de-stained with ddH2O. L represents 4 µL BLUelf MW standard ladder (Azura Genomics), FT represents flow through fraction, W represents wash fraction, and E represents elution fraction with protein ladder on the far left with values being in kDa. Expected band found at 110 kDa in elution. 



Figure 9. SDS-PAGE Gel of KM16 triple mutant DNA Polymerase Theta Helicase-Domain Ni-NTA Sepharose Column Fractions. KM16 triple mutant DNA Polymerase Theta Helicase-Domain plasmid was transformed into Rosetta 2 pLysS E. coli cells (Novagen). Cells were cultured in 2L Terrific Broth with glycerol (Thermo Fisher) through IPTG-induced induction. Cells were grown with carbenicillin and chloramphenicol antibiotic for 6 hours at 24°C and 215 RPM. After growth, cells were lysed with 20 mM SPB p.H 6.8, 300 mM NaCl, 10% glycerol, 20 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol lysis buffer on a sonicator. Lysed cells were centrifuged and cleared lysate was passed through a Ni-NTA Sepharose column (Sigma Aldrich), washed with 20mL of lysis buffer and eluted with 20 mM SPB p.H 6.8, 300 mM NaCl, 10% glycerol, 400 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol. Samples were run on an SDS-PAGE gel for one hour at 120V. Gel was double stained with Coomassie Blue (Anatrace) and double de-stained with ddH2O. L represents 4 µL BLUelf MW standard ladder (Azura Genomics), P represents 1:10 diluted pellet fraction, CL represents cleared lysate fraction, FT represents flow through fraction, W represents wash fraction, and E represents elution fraction with protein ladder on the far left with values being in kDa. Expected band at 89 kDa in elution step not found. 


Figure 10. Chromatogram of KM16 Heparin Column. KM16 plasmid was transformed into Rosetta 2pLysS E. coli cells (New England Biolabs). Cells were cultured in 2L Terrific Broth with glycerol (Thermo Fisher) at 24°C at 215 rpm for 6 hours with IPTG. Cells were grown with chloramphenicol and carbenicillin antibiotic antibiotic for 6 hours. After growth, cells were lysed with 20 mM Tris-p.H 7.5, 300 mM NaCl, 10% glycerol, 20 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol lysis buffer on a sonicator. Lysed cells were centrifuged and cleared lysate was passed through a Ni-NTA Sepharose column (Sigma Aldrich), washed with 20mL of lysis buffer and eluted with 20 mM Tris-p.H 7.5, 300 mM NaCl, 10% glycerol, 400 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol. Samples were the subjected to SUMO protease cleavage and run on a 0.05-1M NaCl gradient. The solid blue line represents the A280 determining protein concentration for each fraction collected. The green line represents the concentration of NaCl from 0.05M to 1M over each fraction. The peak indicated at fraction 14, indicated the presence of KM16 protein. 


Figure 11. Chromatogram of KM16 Heparin Column. KM16 plasmid was transformed into Rosetta 2pLysS E. coli cells (New England Biolabs). Cells were cultured in 2L Terrific Broth with glycerol (Thermo Fisher) at 24°C at 215 rpm. Cells were grown with chloramphenicol and carbenicillin antibiotic for 15 hours with IPTG. After growth, cells were lysed with 20 mM Tris-p.H 7.5, 300 mM NaCl, 10% glycerol, 20 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol lysis buffer on a sonicator. Lysed cells were centrifuged and cleared lysate was passed through a Ni-NTA Sepharose column (Sigma Aldrich), washed with 20mL of lysis buffer and eluted with 20 mM Tris-p.H 7.5, 300 mM NaCl, 10% glycerol, 400 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol. Samples were the subjected to SUMO protease cleavage and run on a 0.05-1M NaCl gradient. The solid blue line represents the A280 determining protein concentration for each fraction collected. The green line represents the concentration of NaCl from 0.05M to 1M over each fraction. The peak indicated at fraction 14, indicated the presence of KM16 protein. 
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Figure 12. SDS-PAGE Gel of Ni-NTA Sepharose Column and QFF Column for KM16 Triple Mutant of DNA Polymerase Theta Helicase-Like Domain. KM16 plasmid was transformed into Rosetta 2pLysS E. coli cells (New England Biolabs). Cells were cultured in 2L Terrific Broth with glycerol (Thermo Fisher) at 20°C at 215 rpm. Cells were grown with chloramphenicol and carbenicillin antibiotic for 60 hours. After growth, cells were lysed with 20 mM Tris-p.H 8.5, 300 mM NaCl, 10% glycerol, 20 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol lysis buffer on a sonicator. Lysed cells were centrifuged and cleared lysate was passed through a Ni-NTA Sepharose column (Sigma Aldrich), washed with 20mL of lysis buffer and eluted with 20 mM Tris p.H 8.5, 300 mM NaCl, 10% glycerol, 400 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol. Samples were then dialyzed into 50mM NaCl before being run over a 0.05-1.0 mM NaCl gradient. Samples were run on an SDS-PAGE gel for one hour at 160V. Gel was double stained with Coomassie Blue (Anatrace) and double de-stained with ddH2O. Section A gel has samples; L represents 4 µL BLUelf MW standard ladder (Azura Genomics), CL represents the cleared lysate fraction, FT represents flow through fraction, W represents wash fraction, and E represents elution fraction. Section 1 and 2 numbered fractions correspond to 1mL Q-FF (Cytiva) column fractions. with protein ladder on the far left with values being in kDa. Expected band found at 110 kDa in elution. 










Figure 13. Chromatogram of KM16 Q FF Column. KM16 plasmid was transformed into Rosetta 2pLysS E. coli cells (New England Biolabs). Cells were cultured in 2L Terrific Broth with glycerol (Thermo Fisher) at 20°C at 210 rpm. Cells were grown with chloramphenicol and carbenicillin antibiotic for 60 hours. After growth, cells were lysed with 20 mM Tris-p.H 7.5, 300 mM NaCl, 10% glycerol, 20 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol lysis buffer on a sonicator. Lysed cells were centrifuged and cleared lysate was passed through a Ni-NTA Sepharose column (Sigma Aldrich), washed with 20mL of lysis buffer and eluted with 20 mM Tris-p.H 7.5, 300 mM NaCl, 10% glycerol, 400 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol. Samples were then run over a 0.05-1M NaCl gradient on a Q FF column (Cytiva). The solid blue line represents the A280 determining protein concentration for each fraction collected. The green line represents the concentration of NaCl from 0.05M to 1M over each fraction. The peak indicated at fraction 36, indicates the presence of KM16 protein. 

















Figure 14. Chromatogram of KM16 Histrap. KM16 plasmid was transformed into Rosetta 2pLysS E. coli cells (New England Biolabs). Cells were cultured in 2L Terrific Broth with glycerol (Thermo Fisher) at 20°C at 215 rpm. Cells were grown with chloramphenicol and carbenicillin antibiotic for 60 hours. After growth, cells were lysed with 20 mM Tris-p.H 8.5, 300 mM NaCl, 10% glycerol, 20 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol lysis buffer on a sonicator. Lysed cells were centrifuged and cleared lysate was passed through a Ni-NTA Sepharose column (Sigma Aldrich), washed with 20mL of lysis buffer and eluted with 20 mM Tris p.H 8.5, 300 mM NaCl, 10% glycerol, 400 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol. Samples were then dialyzed into 50mM NaCl before being run on a Q FF column. Desired Q FF column fractions were pooled and then subjected 1:1 SUMO protease cleavage before being run through the histrap. After nanodrop testing, fractions 5-12 appeared to have KM16. Samples were then tested on SDS-PAGE gels. 







Figure 15. SDS-PAGE Gel of KM16 SUMO Cleavage and Histrap Fractions. KM16 plasmid was transformed into Rosetta 2pLysS E. coli cells (New England Biolabs). Cells were cultured in 2L Terrific Broth with glycerol (Thermo Fisher) at 20°C at 215 rpm. Cells were grown with chloramphenicol and carbenicillin antibiotic for 60 hours. After growth, cells were lysed with 20 mM Tris-p.H 8.5, 300 mM NaCl, 10% glycerol, 20 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol lysis buffer on a sonicator. Lysed cells were centrifuged and cleared lysate was passed through a Ni-NTA Sepharose column (Sigma Aldrich), washed with 20mL of lysis buffer and eluted with 20 mM Tris p.H 8.5, 300 mM NaCl, 10% glycerol, 400 mM imidazole, 0.01 % NP-40, 5 mM β-mercaptoethanol. Samples were then dialyzed into 50mM NaCl before being run on a Q FF column. Desired Q FF column fractions were pooled and then subjected 1:1 SUMO protease cleavage before being run through the histrap. Lane L represents 4 µL BLUelf MW standard ladder (Azura Genomics), S represents cleaved protein by SUMO protease cleavage, and 4-11 represent histrap fractions based on the chromatogram. SUMO protease cleavage was successful as we see a shift from a ~110 kDA band to a ~100 kDA band with the removal of the 10 kDa his tag. However, after being passed over the histrap, sample largely disappeared with the protein only being seen in trace amounts in fraction 6. 



Appendix 
	        10         20         30         40         50         60 
MNLLRRSGKR RRSESGSDSF SGSGGDSSAS PQFLSGSVLS PPPGLGRCLK AAAAGECKPT 

        70         80         90        100        110        120 
VPDYERDKLL LANWGLPKAV LEKYHSFGVK KMFEWQAECL LLGQVLEGKN LVYSAPTSAG 

       130        140        150        160        170        180 
KTLVAELLIL KRVLEMRKKA LFILPFVSVA KEKKYYLQSL FQEVGIKVDG YMGSTSPSRH 

       190        200        210        220        230        240 
FSSLDIAVCT IERANGLINR LIEENKMDLL GMVVVDELHM LGDSHRGYLL ELLLTKICYI 

       250        260        270        280        290        300 
TRKSASCQAD LASSLSNAVQ IVGMSATLPN LELVASWLNA ELYHTDFRPV PLLESVKVGN 

       310        320        330        340        350        360 
SIYDSSMKLV REFEPMLQVK GDEDHVVSLC YETICDNHSV LLFCPSKKWC EKLADIIARE 

       370        380        390        400        410        420 
FYNLHHQAEG LVKPSECPPV ILEQKELLEV MDQLRRLPSG LDSVLQKTVP WGVAFHHAGL 

       430        440        450        460        470        480 
TFEERDIIEG AFRQGLIRVL AATSTLSSGV NLPARRVIIR TPIFGGRPLD ILTYKQMVGR 

       490        500        510        520        530        540 
AGRKGVDTVG ESILICKNSE KSKGIALLQG SLKPVRSCLQ RREGEEVTGS MIRAILEIIV 

       550        560        570        580        590        600 
GGVASTSQDM HTYAACTFLA ASMKEGKQGI QRNQESVQLG AIEACVMWLL ENEFIQSTEA 

       610        620        630        640        650        660 
SDGTEGKVYH PTHLGSATLS SSLSPADTLD IFADLQRAMK GFVLENDLHI LYLVTPMFED 

       670        680        690        700        710        720 
WTTIDWYRFF CLWEKLPTSM KRVAELVGVE EGFLARCVKG KVVARTERQH RQMAIHKRFF 

       730        740        750        760        770        780 
TSLVLLDLIS EVPLREINQK YGCNRGQIQS LQQSAAVYAG MITVFSNRLG WHNMELLLSQ 

       790        800        810        820        830        840 
FQKRLTFGIQ RELCDLVRVS LLNAQRARVL YASGFHTVAD LARANIVEVE VILKNAVPFK 

       850        860        870        880        890        900 
SARKAVDEEE EAVEERRNMR TIWVTGRKGL TEREAAALIV EEARMILQQD LVEMGVQWNP 

       910        920        930        940        950        960 
CALLHSSTCS LTHSESEVKE HTFISQTKSS YKKLTSKNKS NTIFSDSYIK HSPNIVQDLN 

       970        980        990       1000       1010       1020 
KSREHTSSFN CNFQNGNQEH QTCSIFRARK RASLDINKEK PGASQNEGKT SDKKVVQTFS 

      1030       1040       1050       1060       1070       1080 
QKTKKAPLNF NSEKMSRSFR SWKRRKHLKR SRDSSPLKDS GACRIHLQGQ TLSNPSLCED 

      1090       1100       1110       1120       1130       1140 
PFTLDEKKTE FRNSGPFAKN VSLSGKEKDN KTSFPLQIKQ NCSWNITLTN DNFVEHIVTG 

      1150       1160       1170       1180       1190       1200 
SQSKNVTCQA TSVVSEKGRG VAVEAEKINE VLIQNGSKNQ NVYMKHHDIH PINQYLRKQS 

      1210       1220       1230       1240       1250       1260 
HEQTSTITKQ KNIIERQMPC EAVSSYINRD SNVTINCERI KLNTEENKPS HFQALGDDIS 

      1270       1280       1290       1300       1310       1320 
RTVIPSEVLP SAGAFSKSEG QHENFLNISR LQEKTGTYTT NKTKNNHVSD LGLVLCDFED 

      1330       1340       1350       1360       1370       1380 
SFYLDTQSEK IIQQMATENA KLGAKDTNLA AGIMQKSLVQ QNSMNSFQKE CHIPFPAEQH 

      1390       1400       1410       1420       1430       1440 
PLGATKIDHL DLKTVGTMKQ SSDSHGVDIL TPESPIFHSP ILLEENGLFL KKNEVSVTDS 

      1450       1460       1470       1480       1490       1500 
QLNSFLQGYQ TQETVKPVIL LIPQKRTPTG VEGECLPVPE TSLNMSDSLL FDSFSDDYLV 

      1510       1520       1530       1540       1550       1560 
KEQLPDMQMK EPLPSEVTSN HFSDSLCLQE DLIKKSNVNE NQDTHQQLTC SNDESIIFSE 

      1570       1580       1590       1600       1610       1620 
MDSVQMVEAL DNVDIFPVQE KNHTVVSPRA LELSDPVLDE HHQGDQDGGD QDERAEKSKL 

      1630       1640       1650       1660       1670       1680 
TGTRQNHSFI WSGASFDLSP GLQRILDKVS SPLENEKLKS MTINFSSLNR KNTELNEEQE 

      1690       1700       1710       1720       1730       1740 
VISNLETKQV QGISFSSNNE VKSKIEMLEN NANHDETSSL LPRKESNIVD DNGLIPPTPI 

      1750       1760       1770       1780       1790       1800 
PTSASKLTFP GILETPVNPW KTNNVLQPGE SYLFGSPSDI KNHDLSPGSR NGFKDNSPIS 

      1810       1820       1830       1840       1850       1860 
DTSFSLQLSQ DGLQLTPASS SSESLSIIDV ASDQNLFQTF IKEWRCKKRF SISLACEKIR 

      1870       1880       1890       1900       1910       1920 
SLTSSKTATI GSRFKQASSP QEIPIRDDGF PIKGCDDTLV VGLAVCWGGR DAYYFSLQKE 

      1930       1940       1950       1960       1970       1980 
QKHSEISASL VPPSLDPSLT LKDRMWYLQS CLRKESDKEC SVVIYDFIQS YKILLLSCGI 

      1990       2000       2010       2020       2030       2040 
SLEQSYEDPK VACWLLDPDS QEPTLHSIVT SFLPHELPLL EGMETSQGIQ SLGLNAGSEH 

      2050       2060       2070       2080       2090       2100 
SGRYRASVES ILIFNSMNQL NSLLQKENLQ DVFRKVEMPS QYCLALLELN GIGFSTAECE 

      2110       2120       2130       2140       2150       2160 
SQKHIMQAKL DAIETQAYQL AGHSFSFTSS DDIAEVLFLE LKLPPNREMK NQGSKKTLGS 

      2170       2180       2190       2200       2210       2220 
TRRGIDNGRK LRLGRQFSTS KDVLNKLKAL HPLPGLILEW RRITNAITKV VFPLQREKCL 

      2230       2240       2250       2260       2270       2280 
NPFLGMERIY PVSQSHTATG RITFTEPNIQ NVPRDFEIKM PTLVGESPPS QAVGKGLLPM 

      2290       2300       2310       2320       2330       2340 
GRGKYKKGFS VNPRCQAQME ERAADRGMPF SISMRHAFVP FPGGSILAAD YSQLELRILA 

      2350       2360       2370       2380       2390       2400 
HLSHDRRLIQ VLNTGADVFR SIAAEWKMIE PESVGDDLRQ QAKQICYGII YGMGAKSLGE 

      2410       2420       2430       2440       2450       2460 
QMGIKENDAA CYIDSFKSRY TGINQFMTET VKNCKRDGFV QTILGRRRYL PGIKDNNPYR 

      2470       2480       2490       2500       2510       2520 
KAHAERQAIN TIVQGSAADI VKIATVNIQK QLETFHSTFK SHGHREGMLQ SDQTGLSRKR 

      2530       2540       2550       2560       2570       2580 
KLQGMFCPIR GGFFILQLHD ELLYEVAEED VVQVAQIVKN EMESAVKLSV KLKVKVKIGA 

      2590 
SWGELKDFDV 



Appendix 1. Human DNA Polymerase Theta Amino Acid Sequence. Bolded region represents DNA polymerase theta helicase-like domain. 

	       10         20         30         40         50         60 
MSLVTRFKKQ RGGVESVLFW ASSLAKSQRT QAVPPSASGE VVPSPPLLPF PAAAVAGCDD 

        70         80         90        100        110        120 
ATPVDPQQKH HVEEEEERSR GDAEMQPVTG NGGETTAEQK EDDGANVPGC QQEQQQRTVP 

       130        140        150        160        170        180 
TETIWVHDSP ATSSRSRADA AVAATSNVSK HRGDYCRFKD VLMVCEPLLQ GLLGPVGIDV 

       190        200        210        220        230        240 
EMNGTTAMLR DPNGFATALD SLEKASCDSL RHFHDSIQLF FIIRGDSFYT LDSSVCSPLV 

       250        260        270        280        290        300 
FLAKLLSVPA VTKIVHQAQP IYRLLFMFLG TDRVEVRNLV DISVWSAVVE RVCGPRPYTK 

       310        320        330        340        350        360 
GFADSQSLWQ SLPETSRESI EVQLEKAKQE RWCEGTLKAE EGEATMVLSS SSPSSSGEMP 

       370        380        390        400        410        420 
LPQLLGRFKS LATLYAYYEA YLQSVESSGA TGNVFMSLFT VCSLETRVSF LCEVMSYHGM 

       430        440        450        460        470        480 
FVEKNMLDSM VADLEQQIKA LIEKGNVALR AMATASNESI DMETVDAWNL IKTLQSQFGG 

       490        500        510        520        530        540 
PWTFAKGNVE EQMQQIGAYL DEKQSCADSN VARIWLALHE RREFKRSLME GFTKGASMQA 

       550        560        570        580        590        600 
RLIAVPEEMA STEGGGHSNP HHVGAQYRLF FSVHAKWSVH HATTSRLFCS RPCLQTVAKN 

       610        620        630        640        650        660 
PPISRTAPSS SPPVTIFTNP EWTLRHLYGP PPGCTLVSFD FNQIELRVMA HLSGDPLLVQ 

       670        680        690        700        710        720 
QLRGGSDVLS EMALRVMQLP RLADVTPYLR QGTKVVVYGL LYGMGPESLD LRLRQLHKET 

       730        740        750        760        770        780 
TPSAEQPPLS ARQFLRSFNQ CYPAVQGFLK STRLRAFHEK RCATLNGLRD LSGEPDGNRR 

       790        800        810        820        830        840 
KQMAVALAIQ GGAAVILHHA MVEVHEKRHE LVPFLPAAAV ALVLSVHDEL VYAVPDGAVS 

       850        860        870        880 
FVAPKIKQIL EQQAAALSLS VPLPVSMKAG KSFGSLQSLP V 



Appendix 2. Trypanosoma Cruzi DNA Polymerase Theta Helicase Amino Acid Sequence. 
	        10         20         30         40         50         60 
MNLLRRSGKR RRSESGSDSF SGSGGDSSAS PQFLSGSVLS PPPGLGRCLK AAAAGECKPT 

        70         80         90        100        110        120 
VPDYERDKLL LANWGLPKAV LEKYHSFGVK KMFEWQAECL LLGQVLEGKN LVYSAPTSAG 

       130        140        150        160        170        180 
KTLVAELLIL KRVLEMRKKA LFILPFVSVA KEKKYYLQSL FQEVGIKVDG YMGSTSPSRH 

       190        200        210        220        230        240 
FSSLDIAVCT IERANGLINR LIEENKMDLL GMVVVDELHM LGDSHRGYLL ELLLTKICYI 

       250        260        270        280        290        300 
TRKSASCQAD LASSLSNAVQ IVGMSATLPN LELVASWLNA ELYHTDFRPV PLLESVKVGN 

       310        320        330        340        350        360 
SIYDSSMKLV REFEPMLQVK GDEDHVVSLC YETICDNHSV LLFCPSKKWC EKLADIIARE 

       370        380        390        400        410        420 
FYNLHHQAEG LVKPSECPPV ILEQKELLEV MDQLRRLPSG LDSVLQKTVP WGVAFHHAGL 

       430        440        450        460        470        480 
TFEERDIIEG AFRQGLIRVL AATSTLSSGV NLPARRVIIR TPIFGGRPLD ILTYKQMVGR 

       490        500        510        520        530        540 
AGRKGVDTVG ESILICKNSE KSKGIALLQG SLKPVRSCLQ RREGEEVTGS MIRAILEIIV 

       550        560        570        580        590        600 
GGVASTSQDM HTYAACTFLA ASMKEGKQGI QRNQESVQLG AIEACVMWLL ENEFIQSTEA 

       610        620        630        640        650        660 
SDGTEGKVYH PTHLGSATLS SSLSPADTLD IFADLQRAMK GFVLENDLHI LYLVTPMFED 

       670        680        690        700        710        720 
WTTIDWYRFF CLWEKLPTSM KRVAELVGVE EGFLARCVKG KVVARTERQH RQMAIHKRFF 

       730        740        750        760        770        780 
TSLVLLDLIS EVPLREINQK YGCNRGQIQS LQQSAAVYAG MITVFSNRLG WHEMEDKLSQ 

       790        800        810        820        830        840 
FQKRLTFGIQ RELCDLVRVS LLNAQRARVL YASGFHTVAD LARANIVEVE VILKNAVPFK 

       850        860        870        880        890        900 
SARKAVDEEE EAVEERRNMR TIWVTGRKGL TEREAAALIV EEARMILQQD LVEMGVQWNP 

       910        
CALLHSSTCS LTHSE


Appendix 3.  DNA Polymerase Theta Triple Mutant (KM16) Amino Acid Sequence. Bolded amino acids represent N774E, LL777-778DK mutations from DNA polymerase theta helicase-like domain. 
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