
�������	
��
	���
����������������������������	������	
�������

����
������ ����!	�����
����!��

�������	� 
����
��������
�����

�����
� �������������

�������
�
��� ��������� �� !�"!��

#��$�������� ���	�!%%�
�&���
��&���%��&"��&�’(’)% "�"

https://hdl.handle.net/20.500.14849/3515










iv 

 

To my older sisters, Erica and Lori, who helped raise me and have supported me 

in every way possible. I promise to return the favor to you and your children. 

To my late father Marc, who ignited my curiosity and fascination with science. 

And, above all, to my mother, Donna. No words can do justice to the gratitude I 

have. You are equally responsible for anything I have or will accomplish. Thank you. 





vi 

Chapter 3: Structural study of the helicase-like domain ternary complex ............................ 68 

Introduction .................................................................................................................. 68

Methods ........................................................................................................................ 70

Crystallization & X-ray diffraction ................................................................................. 73

Observations from our working model ......................................................................... 75

Oligomerization ............................................................................................................ 77

Discussion ..................................................................................................................... 78

Figure and table legends ................................................................................................ 81

Figures and tables .......................................................................................................... 83

Chapter 4: Extended discussion and future work.................................................................. 91 

Helicase-like or helicase? .............................................................................................. 91

Why not unwind? ......................................................................................................... 94

Solving the HLD/DNA complex .................................................................................. 98

More structures! .......................................................................................................... 100

Summary & concluding remarks ................................................................................. 105

Figure legends ............................................................................................................. 109

Figures......................................................................................................................... 110

Bibliography .......................................................................................................................... 114 



file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754979
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754980
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754981
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754982
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754983
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754984
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754985
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754986
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754987
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754988
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754989
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754990
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754991
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754992
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754993
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754994
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754995
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754997
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98754998


file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98755001
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98755003


file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98755044
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98755044
file://///Users/svanson/Documents/School%20Work/Dissertation_full_draft2_formatted.docx%23_Toc98755047
















































24 

 

Figure 1-2. Unrooted cladogram of human SF2 subfamilies. 
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5AGA 4F91 4A4Z PDB ID 

Figure 1-3. Subdomain organization of Ski2-like subfamilies. 
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Insert 1

Insert 2

Insert 3

Insert 4

Insert 5

Figure 1-5. The HLD contains 5 unique sequence insertions. 
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Figure 1-6. Model of HLD function in TMEJ. 
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A B

Figure 2-2. Molecular beacon-based helicase assay. 
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Figure 2-3. ATP hydrolysis assay. 
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Figure 2-4. ssDNA binding. 
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Figure 2-S1. Full structure-based alignment. 
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Figure 2-S3. MBHA with 40x excess trap strand. 
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the dimer interfaces (~800Å2 vs. ~650Å2) is conserved (Figure 3-5A, right). This finding 

hinted that perhaps the dimer of dimers dissociates into two sets of dimers in the presence 

of DNA.  

To investigate the DNA-dependent oligomerization of the HLD further, we 

performed a size exclusion chromatography experiment to compare the retention volumes 

and calculated molecular weights (MW) of the HLD with and without DNA (Figure 3-5B). 

HLD with ADP and no DNA eluted as a tetramer, as expected (Figure 3-5B, green). Upon 

incubation in the presence of 15mer ssDNA prior to sample injection, the peak reflective 

of the tetramer is absent. Instead, a sloping shoulder appears corresponding to a species of 

smaller MW with a peak at approximately 150 kDa (Figure 3-5B, red and magenta). 

Though not definitively a dimer due to the shape of the curve, these data show nonetheless 

that the HLD forms a complex of lower MW than the tetramer in the presence of ssDNA 

in vitro. Conversely, the presence of ADP has no impact on the oligomeric state, as shown 

previously (Newman, Cooper et al. 2015).  

Discussion 

Though there is still work to be done to determine definitively if there is electron 

density for the DNA substrate in our model, we have crystallized the HLD in a novel and 

distinct form than previously published (Newman, Cooper et al. 2015). This means that we 

may gleam at least some new information from our model whether the ssDNA molecule 

can be built or not. Figure 3-3 shows that some subdomain rearrangement has occurred 

compared to the AMP-PNP- bound structure, 5AGA (the highest resolution of those 
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published) (Newman, Cooper et al. 2015). Additionally, the two HLD copies in the 

asymmetric unit have moved to different degrees. It is difficult currently to say with 

confidence the reason(s) underlying the rearrangement. All five subdomains are likely to 

have at least some contact with DNA substrates, as observed in the Hel308/DNA structure 

(Buttner, Nehring et al. 2007). If DNA is indeed present in our crystal, then the 

explanation is simply to accommodate the oligonucleotide. If it is not present, then the 

most likely explanation is that of differences in crystal packing. This case would then be 

reflective of the overall flexibility of the subdomains rather than substrate accommodation. 

A specific example from our working model is that subdomain 5 has moved considerably 

in both HLD copies and is thus likely to be a flexible cap on the ring formed by 

subdomains 1-4. This flexibility may be important to the actions of the enzyme. 

Along similar lines of thought, the other major question that our working model 

presents is in regard to the oligomeric assembly. All three published models form a 

tetrameric dimer of dimers in crystallo, and the HLD exclusively elutes off a size exclusion 

column as a tetramer without DNA (Newman, Cooper et al. 2015) (Figure 3-5B, green). 

Thus, it seems unlikely that our observation of the conservation of only one of the dimer 

interfaces is simply due to differences in crystallization conditions. A more compelling 

explanation is that the less extensive interface constituting the dimer of dimers HLD 

(Figure 3-5A, interface 2) is lost upon interaction with a DNA substrate. The ternary 

complex of the polymerase domain also indicated plausible dimerization (Zahn, Averill et 

al. 2015). Though, once again, we have not yet observed distinct DNA density in our 
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A

B

Figure 3-3. HLD crystals form in the presence of DNA. 
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Figure 3-4. Our preliminary model indicates subdomain movement. 
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Chain A Chain B

Figure 3-5. Preliminary models reveal a novel interface. 
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Figure 3-6. HLD may form a dimer upon DNA interaction. 
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Crystal Pipeline Resolution I/�•I Rpim Multiplicity CC1/2 Completeness

B11

Xia2_dials 58.4 (3.94) 4.7 (0.5) 0.087(0.356) 5 (5) 0.983 (0.594) 99.8 (99.6)

autoproc 227.4 (3.8) 7.3 (1.6) 0.068 (0.614) 4.9 (5.3) 0.995 (0.477) 99.5 (99.7)

gmcaproc 47.65 (3.48) 7.3 (0.8) 0.07 (0.978) 5.3 (5.4) 0.996 (0.2) 99.6 (99.8)

B8

Xia2_dials 63.4 (3.61) 4.2 (0.3) 0.079 (0.691) 5.4 (5.7) 0.995 (0.165) 100 (99.8)

autoproc 114.1 (3.76) 7.4 (1.3) 0.068 (0.748) 4.6 (4.9) 0.996 (0.522) 99.8 (100)

gmcaproc 47.6 (3.31) 5.8 (0.4) 0.1 (2.093) 5.7 (5.9) 0.996 (0.063) 99.9 (100)

B7

Xia2_dials 62.8 (3.21) 5.2 (0.2) 0.077 (1.33) 6.2 (6.5) 0.991 (0.273) 100 (100)

autoproc 102.4 (3.29) 7.9 (1.0) 0.063 (0.928) 6.4 (6.7) 0.997 (0.472) 99.8 (100)

gmcaproc 47.1 (3.27) 7.8 (0.8) 0.068 (1.069) 6.4 (6.7) 0.997 (0.310) 99.9 (100)

B7 (Manual 
Processing)

Mosflm/Aimless 46.17 (3.2) 4.5 (0.8) 0.17 (2.386) 5.8 (6.0) 0.918 (0.356) 99.9 (99.7)

Dials/Aimless 47.28 (3.2) 4.2 (0.2) 0.083 (1.032) 6.1 (6.2) 0.993 (0.421) 99.4 (96.8)

B7, B8, B11 
Merged autoproc 44.38 (3.2) 5.9 (0.7) 0.106 (2.119) 15.9 (16.9) 0.996 (0.208) 99.9 (99.8)

Table 3-2. Merging statistics. 
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Figures 

Figure 4-1. Sequence alignment of POLQ and POLQ-like helicases. 
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Figure 4-2. Phylogenetic tree based on alignment in Figure 4-1. 
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Figure 4-3. T. cruzi helicase was purified. 
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Figure 4-5. Insert 4 (red) forms part of the tetramer interface. 



1���� 

Bibliography 

Adams, P. D., P. V. Afonine, G. Bunkoczi, V. B. Chen, I. W. Davis, N. Echols, J. J. 
Headd, L. W. Hung, G. J. Kapral, R. W. Grosse-Kunstleve, A. J. McCoy, N. W. 
Moriarty, R. Oeffner, R. J. Read, D. C. Richardson, J. S. Richardson, T. C. 
Terwilliger and P. H. Zwart (2010). "PHENIX: a comprehensive Python-based 
system for macromolecular structure solution." Acta Crystallogr D Biol Crystallogr 
66(Pt 2): 213-221. 

Adelman, C. A., R. L. Lolo, N. J. Birkbak, O. Murina, K. Matsuzaki, Z. Horejsi, K. 
Parmar, V. Borel, J. M. Skehel, G. Stamp, A. D'Andrea, A. A. Sartori, C. Swanton 
and S. J. Boulton (2013). "HELQ promotes RAD51 paralogue-dependent repair to 
avert germ cell loss and tumorigenesis." Nature 502(7471): 381-384. 

Afonine, P. V., M. Mustyakimov, R. W. Grosse-Kunstleve, N. W. Moriarty, P. Langan and 
P. D. Adams (2010). "Joint X-ray and neutron refinement with phenix.refine." Acta
Crystallogr D Biol Crystallogr 66(Pt 11): 1153-1163.

Ali, S. I., J. S. Shin, S. H. Bae, B. Kim and B. S. Choi (2010). "Replication protein A 32 
interacts through a similar binding interface with TIPIN, XPA, and UNG2." Int J 
Biochem Cell Biol 42(7): 1210-1215. 

Allera-Moreau, C., I. Rouquette, B. Lepage, N. Oumouhou, M. Walschaerts, E. Leconte, 
V. Schilling, K. Gordien, L. Brouchet, M. B. Delisle, J. Mazieres, J. S. Hoffmann,
P. Pasero and C. Cazaux (2012). "DNA replication stress response involving PLK1,
CDC6, POLQ, RAD51 and CLASPIN upregulation prognoses the outcome of
early/mid-stage non-small cell lung cancer patients." Oncogenesis 1: e30.

Anand, R., E. Buechelmaier, O. Belan, M. Newton, A. Vancevska, A. Kaczmarczyk, T. 
Takaki, D. S. Rueda, S. N. Powell and S. J. Boulton (2022). "HELQ is a dual-
function DSB repair enzyme modulated by RPA and RAD51." Nature 601(7892): 
268-273.

Arana, M. E., M. Seki, R. D. Wood, I. B. Rogozin and T. A. Kunkel (2008). "Low-fidelity 
DNA synthesis by human DNA polymerase theta." Nucleic Acids Res 36(11): 
3847-3856. 

Armougom, F., S. Moretti, O. Poirot, S. Audic, P. Dumas, B. Schaeli, V. Keduas and C. 
Notredame (2006). "Expresso: automatic incorporation of structural information in 
multiple sequence alignments using 3D-Coffee." Nucleic Acids Res 34(Web Server 
issue): W604-608. 

Beagan, K., R. L. Armstrong, A. Witsell, U. Roy, N. Renedo, A. E. Baker, O. D. Scharer 
and M. McVey (2017). "Drosophila DNA polymerase theta utilizes both helicase-
like and polymerase domains during microhomology-mediated end joining and 
interstrand crosslink repair." PLoS Genet 13(5): e1006813. 

Beagan, K., R. L. Armstrong, A. Witsell, U. Roy, N. Renedo, A. E. Baker, O. D. Schärer 
and M. McVey (2017). "Drosophila DNA polymerase theta utilizes both helicase-



������ 

like and polymerase domains during microhomology-mediated end joining and 
interstrand crosslink repair." PLOS Genetics 13(5): e1006813. 

Beagan, K. and M. McVey (2016). "Linking DNA polymerase theta structure and function 
in health and disease." Cell Mol Life Sci 73(3): 603-615. 

Beese, L. S., V. Derbyshire and T. A. Steitz (1993). "Structure of DNA polymerase I 
Klenow fragment bound to duplex DNA." Science 260(5106): 352-355. 

Bernstein, D. A., M. C. Zittel and J. L. Keck (2003). "High-resolution structure of the 
E.coli RecQ helicase catalytic core." Embo Journal 22(19): 4910-4921.

Bernstein, K. A., S. Gangloff and R. Rothstein (2010). "The RecQ DNA Helicases in DNA 
Repair." Annual Review of Genetics, Vol 44 44: 393-417. 

Black, S. J., E. Kashkina, T. Kent and R. T. Pomerantz (2016). "DNA Polymerase theta: A 
Unique Multifunctional End-Joining Machine." Genes (Basel) 7(9). 

Black, S. J., A. Y. Ozdemir, E. Kashkina, T. Kent, T. Rusanov, D. Ristic, Y. Shin, A. 
Suma, T. Hoang, G. Chandramouly, L. A. Siddique, N. Borisonnik, K. Sullivan-
Reed, J. S. Mallon, T. Skorski, V. Carnevale, K. S. Murakami, C. Wyman and R. 
T. Pomerantz (2019). "Molecular basis of microhomology-mediated end-joining by
purified full-length Poltheta." Nat Commun 10(1): 4423.

Bloom, L. and V. Calabro (2009). "FN3: a new protein scaffold reaches the clinic." Drug 
Discov Today 14(19-20): 949-955. 

Boyd, J. B., K. Sakaguchi and P. V. Harris (1990). "mus308 mutants of Drosophila exhibit 
hypersensitivity to DNA cross-linking agents and are defective in a 
deoxyribonuclease." Genetics 125(4): 813-819. 

Brosh, R. M., Jr. (2013). "DNA helicases involved in DNA repair and their roles in 
cancer." Nat Rev Cancer 13(8): 542-558. 

Brosh, R. M., Jr., D. K. Orren, J. O. Nehlin, P. H. Ravn, M. K. Kenny, A. Machwe and V. 
A. Bohr (1999). "Functional and physical interaction between WRN helicase and
human replication protein A." J Biol Chem 274(26): 18341-18350.

Brosh, R. M., J. L. Li, M. K. Kenny, J. K. Karow, M. P. Cooper, R. P. Kureekattil, I. D. 
Hickson and V. A. Bohr (2000). "Replication protein A physically interacts with the 
Bloom's syndrome protein and stimulates its helicase activity." Journal of Biological 
Chemistry 275(31): 23500-23508. 

Buttner, K., S. Nehring and K. P. Hopfner (2007). "Structural basis for DNA duplex 
separation by a superfamily-2 helicase." Nat Struct Mol Biol 14(7): 647-652. 

Carvajal-Garcia, J., J. E. Cho, P. Carvajal-Garcia, W. Feng, R. D. Wood, J. Sekelsky, G. P. 
Gupta, S. A. Roberts and D. A. Ramsden (2020). "Mechanistic basis for 
microhomology identification and genome scarring by polymerase theta." Proc Natl 
Acad Sci U S A 117(15): 8476-8485. 

Carvajal-Maldonado, D., L. Drogalis Beckham, R. D. Wood and S. Doublie (2022). 
"When DNA Polymerases Multitask: Functions Beyond Nucleotidyl Transfer." 
Front Mol Biosci 8: 815845. 

Ceccaldi, R., J. C. Liu, R. Amunugama, I. Hajdu, B. Primack, M. I. Petalcorin, K. W. 
O'Connor, P. A. Konstantinopoulos, S. J. Elledge, S. J. Boulton, T. Yusufzai and 





������ 

Durr, H., C. Korner, M. Muller, V. Hickmann and K. P. Hopfner (2005). "X-ray structures 
of the Sulfolobus solfataricus SWI2/SNF2 ATPase core and its complex with 
DNA." Cell 121(3): 363-373. 

Edgar, R. C. (2004). "MUSCLE: multiple sequence alignment with high accuracy and high 
throughput." Nucleic Acids Res 32(5): 1792-1797. 

Emsley, P. and K. Cowtan (2004). "Coot: model-building tools for molecular graphics." 
Acta Crystallogr D Biol Crystallogr 60(Pt 12 Pt 1): 2126-2132. 

Evans, P. R. (2011). "An introduction to data reduction: space-group determination, scaling 
and intensity statistics." Acta Crystallographica Section D-Biological Crystallography 
67: 282-292. 

Evans, P. R. and G. N. Murshudov (2013). "How good are my data and what is the 
resolution?" Acta Crystallographica Section D-Biological Crystallography 69: 1204-
1214. 

Feldkamp, M. D., A. C. Mason, B. F. Eichman and W. J. Chazin (2014). "Structural 
analysis of replication protein A recruitment of the DNA damage response protein 
SMARCAL1." Biochemistry 53(18): 3052-3061. 

Feng, W., D. A. Simpson, J. Carvajal-Garcia, B. A. Price, R. J. Kumar, L. E. Mose, R. D. 
Wood, N. Rashid, J. E. Purvis, J. S. Parker, D. A. Ramsden and G. P. Gupta 
(2019). "Genetic determinants of cellular addiction to DNA polymerase theta." Nat 
Commun 10(1): 4286. 

Flaus, A., D. M. Martin, G. J. Barton and T. Owen-Hughes (2006). "Identification of 
multiple distinct Snf2 subfamilies with conserved structural motifs." Nucleic Acids 
Res 34(10): 2887-2905. 

Fujikane, R., H. Shinagawa and Y. Ishino (2006). "The archaeal Hjm helicase has recQ-like 
functions, and may be involved in repair of stalled replication fork." Genes to Cells 
11(2): 99-110. 

Gallivan, J. P. and M. J. McGarvey (2003). "The importance of the Q motif in the ATPase 
activity of a viral helicase." FEBS Letters 554(3): 485-488. 

Garcia, P. L., Y. L. Liu, J. Jiricny, S. C. West and P. Janscak (2004). "Human RECQ5 
beta, a protein with DNA helicase and strand-annealing activities in a single 
polypeptide." Embo Journal 23(14): 2882-2891. 

Ghezraoui, H., M. Piganeau, B. Renouf, J. B. Renaud, A. Sallmyr, B. Ruis, S. Oh, A. E. 
Tomkinson, E. A. Hendrickson, C. Giovannangeli, M. Jasin and E. Brunet (2014). 
"Chromosomal translocations in human cells are generated by canonical 
nonhomologous end-joining." Mol Cell 55(6): 829-842. 

Goff, J. P., D. S. Shields, M. Seki, S. Choi, M. W. Epperly, T. Dixon, H. Wang, C. J. 
Bakkenist, S. D. Dertinger, D. K. Torous, J. Wittschieben, R. D. Wood and J. S. 
Greenberger (2009). "Lack of DNA polymerase theta (POLQ) radiosensitizes bone 
marrow stromal cells in vitro and increases reticulocyte micronuclei after total-body 
irradiation." Radiat Res 172(2): 165-174. 

Goff, J. P., D. S. Shields, M. Seki, S. Choi, M. W. Epperly, T. Dixon, H. Wang, C. J. 
Bakkenist, S. D. Dertinger, D. K. Torous, J. Wittschieben, R. D. Wood and J. S. 







������ 

Kitano, K., S. Y. Kim and T. Hakoshima (2010). "Structural basis for DNA strand 
separation by the unconventional winged-helix domain of RecQ helicase WRN." 
Structure 18(2): 177-187. 

Koole, W., R. van Schendel, A. E. Karambelas, J. T. van Heteren, K. L. Okihara and M. 
Tijsterman (2014). "A Polymerase Theta-dependent repair pathway suppresses 
extensive genomic instability at endogenous G4 DNA sites." Nat Commun 5: 3216. 

Krissinel, E. and K. Henrick (2007). "Inference of macromolecular assemblies from 
crystalline state." J Mol Biol 372(3): 774-797. 

Kumar, R. J., H. X. Chao, D. A. Simpson, W. Feng, M. G. Cho, V. R. Roberts, A. R. 
Sullivan, S. J. Shah, A. S. Wozny, K. Fagan-Solis, S. Kumar, A. Luthman, D. A. 
Ramsden, J. E. Purvis and G. P. Gupta (2020). "Dual inhibition of DNA-PK and 
DNA polymerase theta overcomes radiation resistance induced by p53 deficiency." 
NAR Cancer 2(4): zcaa038. 

Lam, A. M., D. Keeney and D. N. Frick (2003). "Two novel conserved motifs in the 
hepatitis C virus NS3 protein critical for helicase action." J Biol Chem 278(45): 
44514-44524. 

Lee, J. Y. and W. Yang (2006). "UvrD helicase unwinds DNA one base pair at a time by a 
two-part power stroke." Cell 127(7): 1349-1360. 

Lee, S.-J., R.-J. Sung and G. L. Verdine (2019). "Mechanism of DNA Lesion Homing and 
Recognition by the Uvr Nucleotide Excision Repair System." Research 2019: 
5641746. 

Lemee, F., V. Bergoglio, A. Fernandez-Vidal, A. Machado-Silva, M. J. Pillaire, A. Bieth, C. 
Gentil, L. Baker, A. L. Martin, C. Leduc, E. Lam, E. Magdeleine, T. Filleron, N. 
Oumouhou, B. Kaina, M. Seki, F. Grimal, M. Lacroix-Triki, A. Thompson, H. 
Roche, J. C. Bourdon, R. D. Wood, J. S. Hoffmann and C. Cazaux (2010). "DNA 
polymerase theta up-regulation is associated with poor survival in breast cancer, 
perturbs DNA replication, and promotes genetic instability." Proc Natl Acad Sci U 
S A 107(30): 13390-13395. 

Lessa, R. C., A. H. Campos, C. E. Freitas, F. R. Silva, L. P. Kowalski, A. L. Carvalho and 
A. L. Vettore (2013). "Identification of upregulated genes in oral squamous cell
carcinomas." Head Neck 35(10): 1475-1481.

Letunic, I. and P. Bork (2021). "Interactive Tree Of Life (iTOL) v5: an online tool for 
phylogenetic tree display and annotation." Nucleic Acids Research 49(W1): W293-
W296. 

Levin, M. K., M. Gurjar and S. S. Patel (2005). "A Brownian motor mechanism of 
translocation and strand separation by hepatitis C virus helicase." Nature Structural 
& Molecular Biology 12(5): 429-435. 

Levin, M. K., M. M. Gurjar and S. S. Patel (2003). "ATP binding modulates the nucleic 
acid affinity of hepatitis C virus helicase." Journal of Biological Chemistry 278(26): 
23311-23316. 

Lieber, M. R. (2010). "The mechanism of double-strand DNA break repair by the 
nonhomologous DNA end-joining pathway." Annu Rev Biochem 79: 181-211. 





������ 

proteins UNG2, XPA, and RAD52 by replication factor RPA." Cell 103(3): 449-
456. 

Mohaghegh, P., J. K. Karow, R. M. Brosh, V. A. Bohr and I. D. Hickson (2001). "The 
Bloom's and Werner's syndrome proteins are DNA structure-specific helicases." 
Nucleic Acids Research 29(13): 2843-2849. 

Morris, P. D., A. K. Byrd, A. J. Tackett, C. E. Cameron, P. Tanega, R. Ott, E. Fanning 
and K. D. Raney (2002). "Hepatitis C virus NS3 and simian virus 40 T antigen 
helicases displace streptavidin from 5'-biotinylated oligonucleotides but not from 3'-
biotinylated oligonucleotides: evidence for directional bias in translocation on 
single-stranded DNA." Biochemistry 41(7): 2372-2378. 

Morris, P. D. and K. D. Raney (1999). "DNA helicases displace streptavidin from biotin-
labeled oligonucleotides." Biochemistry 38(16): 5164-5171. 

Muzzolini, L., F. Beuron, A. Patwardhan, V. Popuri, S. Cui, B. Niccolini, M. Rappas, P. S. 
Freemont and A. Vindigni (2007). "Different quaternary structures of human 
RECQ1 are associated with its dual enzymatic activity." Plos Biology 5(2): 157-168. 

Newman, J. A., H. Aitkenhead, P. Savitsky and O. Gileadi (2017). "Insights into the RecQ 
helicase mechanism revealed by the structure of the helicase domain of human 
RECQL5." Nucleic Acids Res 45(7): 4231-4243. 

Newman, Joseph A., Christopher D. Cooper, H. Aitkenhead and O. Gileadi (2015). 
"Structure of the Helicase Domain of DNA Polymerase Theta Reveals a Possible 
Role in the Microhomology-Mediated End-Joining Pathway." Structure(London, 
England:1993) 23(12): 2319-2330. 

Newman, J. A., C. D. Cooper, H. Aitkenhead and O. Gileadi (2015). "Structure of the 
Helicase Domain of DNA Polymerase Theta Reveals a Possible Role in the 
Microhomology-Mediated End-Joining Pathway." Structure 23(12): 2319-2330. 

Newman, J. A., C. D. O. Cooper, H. Aitkenhead and O. Gileadi (2015). "Structure of the 
Helicase Domain of DNA Polymerase Theta Reveals a Possible Role in the 
Microhomology-Mediated End-Joining Pathway." Structure 23(12): 2319-2330. 

Newman, J. A., A. E. Gavard, S. Lieb, M. C. Ravichandran, K. Hauer, P. Werni, L. Geist, 
J. Böttcher, J. R. Engen, K. Rumpel, M. Samwer, M. Petronczki and O. Gileadi
(2021). "Structure of the helicase core of Werner helicase, a key target in
microsatellite instability cancers." Life Sci Alliance 4(1): e202000795.

Newman, J. A., P. Savitsky, C. K. Allerston, A. H. Bizard, O. Ozer, K. Sarlos, Y. Liu, E. 
Pardon, J. Steyaert, I. D. Hickson and O. Gileadi (2015). "Crystal structure of the 
Bloom's syndrome helicase indicates a role for the HRDC domain in 
conformational changes." Nucleic Acids Res 43(10): 5221-5235. 

Nongkhlaw, M., M. Gupta, S. S. Komath and R. Muthuswami (2012). "Motifs Q and I Are 
Required for ATP Hydrolysis but Not for ATP Binding in SWI2/SNF2 Proteins." 
Biochemistry 51(18): 3711-3722. 

Norby, J. G. (1988). "Coupled assay of Na+,K+-ATPase activity." Methods Enzymol 156: 
116-119.



1���� 

Ortega-Arroyo, J. and P. Kukura (2012). "Interferometric scattering microscopy (iSCAT): 
new frontiers in ultrafast and ultrasensitive optical microscopy." Phys Chem Chem 
Phys 14(45): 15625-15636. 

Oyama, T., H. Oka, K. Mayanagi, T. Shirai, K. Matoba, R. Fujikane, Y. Ishino and K. 
Morikawa (2009). "Atomic structures and functional implications of the archaeal 
RecQ-like helicase Hjm." BMC Struct Biol 9: 2. 

Ozdemir, A. Y., T. Rusanov, T. Kent, L. A. Siddique and R. T. Pomerantz (2018). 
"Polymerase theta-helicase efficiently unwinds DNA and RNA-DNA hybrids." J 
Biol Chem 293(14): 5259-5269. 

Pei, J. and N. V. Grishin (2014). "PROMALS3D: multiple protein sequence alignment 
enhanced with evolutionary and three-dimensional structural information." 
Methods Mol Biol 1079: 263-271. 

Pei, J., B. H. Kim and N. V. Grishin (2008). "PROMALS3D: a tool for multiple protein 
sequence and structure alignments." Nucleic Acids Res 36(7): 2295-2300. 

Pike, A. C., S. Gomathinayagam, P. Swuec, M. Berti, Y. Zhang, C. Schnecke, F. Marino, 
F. von Delft, L. Renault, A. Costa, O. Gileadi and A. Vindigni (2015). "Human
RECQ1 helicase-driven DNA unwinding, annealing, and branch migration: insights
from DNA complex structures." Proc Natl Acad Sci U S A 112(14): 4286-4291.

Pike, A. C., B. Shrestha, V. Popuri, N. Burgess-Brown, L. Muzzolini, S. Costantini, A. 
Vindigni and O. Gileadi (2009). "Structure of the human RECQ1 helicase reveals a 
putative strand-separation pin." Proc Natl Acad Sci U S A 106(4): 1039-1044. 

Popuri, V., C. Z. Bachrati, L. Muzzolini, G. Mosedale, S. Costantini, E. Giacomini, I. D. 
Hickson and A. Vindigni (2008). "The human RecQ helicases, BLM and RECQ1, 
display distinct DNA substrate specificities." Journal of Biological Chemistry 
283(26): 17766-17776. 

Powell, H. R. (1999). "The Rossmann Fourier autoindexing algorithm in MOSFLM." Acta 
Crystallogr D Biol Crystallogr 55(Pt 10): 1690-1695. 

Prasad, R., M. J. Longley, F. S. Sharief, E. W. Hou, W. C. Copeland and S. H. Wilson 
(2009). "Human DNA polymerase theta possesses 5'-dRP lyase activity and 
functions in single-nucleotide base excision repair in vitro." Nucleic Acids Res 
37(6): 1868-1877. 

Rice, P., I. Longden and A. Bleasby (2000). "EMBOSS: the European Molecular Biology 
Open Software Suite." Trends Genet 16(6): 276-277. 

Richards, J. D., K. A. Johnson, H. Liu, A. M. McRobbie, S. McMahon, M. Oke, L. 
Carter, J. H. Naismith and M. F. White (2008). "Structure of the DNA repair 
helicase hel308 reveals DNA binding and autoinhibitory domains." J Biol Chem 
283(8): 5118-5126. 

Roerink, S. F., R. van Schendel and M. Tijsterman (2014). "Polymerase theta-mediated 
end joining of replication-associated DNA breaks in C. elegans." Genome Res 
24(6): 954-962. 

Rossmann, M. G. and D. M. Blow (1962). "The detection of sub-units within the 
crystallographic asymmetric unit." Acta Crystallographica 15(1): 24-31. 





12�� 

Singleton, M. R., S. Scaife and D. B. Wigley (2001). "Structural analysis of DNA 
replication fork reversal by RecG." Cell 107(1): 79-89. 

Singleton, M. R. and D. B. Wigley (2002). "Modularity and specialization in superfamily 1 
and 2 helicases." Journal of Bacteriology 184(7): 1819-1826. 

Srinivasan, S., Z. Liu, W. Chuenchor, T. S. Xiao and E. Jankowsky (2020). "Function of 
Auxiliary Domains of the DEAH/RHA Helicase DHX36 in RNA Remodeling." J 
Mol Biol 432(7): 2217-2231. 

Stecher, G., K. Tamura and S. Kumar (2020). "Molecular Evolutionary Genetics Analysis 
(MEGA) for macOS." Molecular Biology and Evolution 37(4): 1237-1239. 

Studier, F. W. (2005). "Protein production by auto-induction in high density shaking 
cultures." Protein Expr Purif 41(1): 207-234. 

Sun, H., J. K. Karow, I. D. Hickson and N. Maizels (1998). "The Bloom's syndrome 
helicase unwinds G4 DNA." Journal of Biological Chemistry 273(42): 27587-27592. 

Takata, K., S. Reh, J. Tomida, M. D. Person and R. D. Wood (2013). "Human DNA 
helicase HELQ participates in DNA interstrand crosslink tolerance with ATR and 
RAD51 paralogs." Nat Commun 4: 2338. 

Takata, K. I., S. Reh, M. J. Yousefzadeh, M. J. Zelazowski, S. Bhetawal, D. Trono, M. G. 
Lowery, M. Sandoval, Y. Takata, Y. Lu, K. Lin, J. Shen, D. F. Kusewitt, K. M. 
McBride, F. Cole and R. D. Wood (2017). "Analysis of DNA polymerase nu 
function in meiotic recombination, immunoglobulin class-switching, and DNA 
damage tolerance." PLoS Genet 13(6): e1006818. 

Tamura, K., G. Stecher and S. Kumar (2021). "MEGA11: Molecular Evolutionary 
Genetics Analysis Version 11." Molecular Biology and Evolution 38(7): 3022-3027. 

Tanner, N. K., O. Cordin, J. Banroques, M. Doère and P. Linder "The Q Motif." 
Molecular Cell 11(1): 127-138. 

The UniProt, C. (2017). "UniProt: the universal protein knowledgebase." Nucleic Acids 
Res 45(D1): D158-D169. 

Tsay, J. M., J. Sippy, M. Feiss and D. E. Smith (2009). "The Q motif of a viral packaging 
motor governs its force generation and communicates ATP recognition to DNA 
interaction." Proceedings of the National Academy of Sciences 106(34): 14355-
14360. 

Umate, P., N. Tuteja and R. Tuteja (2011). "Genome-wide comprehensive analysis of 
human helicases." Commun Integr Biol 4(1): 118-137. 

Vagin, A. and A. Teplyakov (1997). "MOLREP: an Automated Program for Molecular 
Replacement." Journal of Applied Crystallography 30(6): 1022-1025. 

van Schendel, R., S. F. Roerink, V. Portegijs, S. van den Heuvel and M. Tijsterman (2015). 
"Polymerase Theta is a key driver of genome evolution and of CRISPR/Cas9-
mediated mutagenesis." Nat Commun 6: 7394. 

Verdine, G. L. and D. P. Norman (2003). "Covalent trapping of protein-DNA complexes." 
Annu Rev Biochem 72: 337-366. 



1���� 

Vester, K., K. F. Santos, B. Kuropka, C. Weise and M. C. Wahl (2020). "The inactive C-
terminal cassette of the dual-cassette RNA helicase BRR2 both stimulates and 
inhibits the activity of the N-terminal helicase unit." J Biol Chem 295(7): 2097-2112. 

Vindigni, A., F. Marino and O. Gileadi (2010). "Probing the structural basis of RecQ 
helicase function." Biophys Chem 149(3): 67-77. 

Vonrhein, C., C. Flensburg, P. Keller, A. Sharff, O. Smart, W. Paciorek, T. Womack and 
G. Bricogne (2011). "Data processing and analysis with the autoPROC toolbox."
Acta Crystallogr D Biol Crystallogr 67(Pt 4): 293-302.

Walker, J. E., M. Saraste, M. J. Runswick and N. J. Gay (1982). "Distantly Related 
Sequences in the Alpha-Subunits and Beta-Subunits of Atp Synthase, Myosin, 
Kinases and Other Atp-Requiring Enzymes and a Common Nucleotide Binding 
Fold." Embo Journal 1(8): 945-951. 

Wang, Z., Y. D. Song, S. B. Li, S. Kurian, R. Xiang, T. Chiba and X. H. Wu (2019). 
"DNA polymerase (POLQ) is important for repair of DNA double-strand breaks 
caused by fork collapse." Journal of Biological Chemistry 294(11): 3909-3919. 

Ward, J. D., D. M. Muzzini, M. I. Petalcorin, E. Martinez-Perez, J. S. Martin, P. Plevani, 
G. Cassata, F. Marini and S. J. Boulton (2010). "Overlapping mechanisms promote
postsynaptic RAD-51 filament disassembly during meiotic double-strand break
repair." Molecular Cell 37(2): 259-272.

Waterhouse, A. M., J. B. Procter, D. M. Martin, M. Clamp and G. J. Barton (2009). 
"Jalview Version 2--a multiple sequence alignment editor and analysis workbench." 
Bioinformatics 25(9): 1189-1191. 

Wei, P. C., A. N. Chang, J. Kao, Z. Du, R. M. Meyers, F. W. Alt and B. Schwer (2016). 
"Long Neural Genes Harbor Recurrent DNA Break Clusters in Neural 
Stem/Progenitor Cells." Cell 164(4): 644-655. 

Weir, J. R., F. Bonneau, J. Hentschel and E. Conti (2010). "Structural analysis reveals the 
characteristic features of Mtr4, a DExH helicase involved in nuclear RNA 
processing and surveillance." Proc Natl Acad Sci U S A 107(27): 12139-12144. 

Winter, G. (2010). "xia2: an expert system for macromolecular crystallography data 
reduction." Journal of Applied Crystallography 43(1): 186-190. 

Winter, G., D. G. Waterman, J. M. Parkhurst, A. S. Brewster, R. J. Gildea, M. Gerstel, L. 
Fuentes-Montero, M. Vollmar, T. Michels-Clark, I. D. Young, N. K. Sauter and G. 
Evans (2018). "DIALS: implementation and evaluation of a new integration 
package." Acta Crystallogr D Struct Biol 74(Pt 2): 85-97. 

Wood, R. D. and S. Doublie (2016). "DNA polymerase theta (POLQ), double-strand 
break repair, and cancer." DNA Repair (Amst) 44: 22-32. 

Wood, R. D. and S. Doublié (2022). "Genome protection by DNA polymerase theta." 
Annual Review of Genetics 56: in press. 

Woodman, I. L., K. Brammer and E. L. Bolt (2011). "Physical interaction between 
archaeal DNA repair helicase Hel308 and Replication Protein A (RPA)." DNA 
Repair (Amst) 10(3): 306-313. 





1���� 

Zahn, K. E., R. B. Jensen, R. D. Wood and S. Doublie (2021). "Human DNA polymerase 
theta harbors DNA end-trimming activity critical for DNA repair." Mol Cell 81(7): 
1534-1547. 

Zan, H., N. Shima, Z. Xu, A. Al-Qahtani, A. J. Evinger Iii, Y. Zhong, J. C. Schimenti and 
P. Casali (2005). "The translesion DNA polymerase theta plays a dominant role in
immunoglobulin gene somatic hypermutation." EMBO J 24(21): 3757-3769.

Zelensky, A. N., J. Schimmel, H. Kool, R. Kanaar and M. Tijsterman (2017). "Inactivation 
of Pol theta and C-NHEJ eliminates off-target integration of exogenous DNA." Nat 
Commun 8(1): 66. 

Zhang, L., X. Li, R. C. Hill, Y. Qiu, W. Zhang, K. C. Hansen and R. Zhao (2015). "Brr2 
plays a role in spliceosomal activation in addition to U4/U6 unwinding." Nucleic 
Acids Res 43(6): 3286-3297. 

Zhang, L., T. Xu, C. Maeder, L. O. Bud, J. Shanks, J. Nix, C. Guthrie, J. A. Pleiss and R. 
Zhao (2009). "Structural evidence for consecutive Hel308-like modules in the 
spliceosomal ATPase Brr2." Nat Struct Mol Biol 16(7): 731-739. 

Zhou, J., C. Gelot, C. Pantelidou, A. Li, H. Yucel, R. E. Davis, A. Farkkila, B. 
Kochupurakkal, A. Syed, G. I. Shapiro, J. A. Tainer, B. S. J. Blagg, R. Ceccaldi 
and A. D. D'Andrea (2021). "A first-in-class Polymerase Theta Inhibitor selectively 
targets Homologous-Recombination-Deficient Tumors." Nat Cancer 2(6): 598-610. 




