DNA-mediated oxidation of transcription factor p53

Thesis by

Kathryn Nicole Schaefer

In Partial Fulfillment of the Requirements for the

Degree of Doctor of Philosophy

California Institute of Technology
Pasadena, California
2015

(Defended January 21, 2015)



© 2015
Kathryn Nicole Schaefer

All Rights Reserved

i



il
ACKNOWLEDGEMENTS

I first and foremost thank Jackie Barton for allowing me to conduct my graduate
research in her laboratory at the California Institute of Technology. I know that I had a
lot to learn, and I had much room to grow, so thank you for your patience and helping to
shape me into the significantly stronger person I am today.

I am also extremely grateful for my thesis committee for seeing me through this
process. Doug Rees I thank for his unwavering positivity, support, and anecdotal stories
about his experiences in academia that make you realize you aren’t alone in your
struggles. Harry Gray I thank for his continuous positivity. Harry not only made me feel
like I could do great science, but that I did have creative and worthwhile ideas. I also
have many thanks for Ray Deshaies for bringing a more biological perspective to my
committee meetings, challenging questions, and new insights.

I have to sincerely thank Eric Stemp, the driving force that empowered me to
continue on to graduate studies. I thank him for unwavering support, encouraging me to
not be afraid of a challenge, pushing me outside of my comfort zone, and making me
realize that the world wouldn’t end if I did something wrong. Most of all, I have to thank
him for being the person who saw my potential and adamantly wouldn’t let me waste it,
when I couldn’t yet see it in myself.

My experience at Caltech would have not been the same without Mo Renta. Mo
has always looked out for my well-being, constantly making sure that I knew that I was
wanted here, that [ deserved to be here, that I do not need to be distracted by my past, and
that I can and will keep marching on. I also have many thanks for Alison Ross, our BMB

coordinator, for her warmth and support.



v

Many thanks are due to the many amazing people in my life that have offered
unconditional love and continual support throughout my time here at Caltech. I thank
David Angel for constantly reminding me that there is a world outside of lab that is to be
enjoyed, always being wholly understanding of the work I needed to do, and empowering
me to continue when the going gets rough. Two of the most important people during my
graduate experience at Caltech were Gwen Johnson and Taylor Lenton. These two ladies
were the best housemates, friends, and support group anyone could ask for. Many thanks
are deserved to our third housemate, Leia, my dog and source of unconditional love, joy,
companionship, and sanity. Amanda Madison I thank for being my best friend, my
second-half, and for always being able understand what I’'m going through. I thank
Felecia Hunt for her kindness and keen understanding of the undergraduate institution I
came from, what a different world Caltech is, and how to make me feel included in my
new community. I also sincerely thank Liz Shon for her patient ear, voice of reason, and
unwavering support.

I thank my parents, Connie and Ron Schaefer, for always being there for me and
excitedly supporting my education. Secretly I think Caltech was their plan for me all
along, literally baptizing me into Caltech as a child when I fell into the lillypond. I also
have immense gratitude for my second families, the Madisons and the Angels. I thank
the Madisons for adopting me into their family and letting me know that there is nothing
wrong with taking care of myself and finding happiness. I thank the Angels for their
relentless support, positivity, and amazing home-cooked meals.

I sincerely thank all of my fellow Caltech labmates and friends, past and present,

that have seen me through all stages of graduate life: Anna and Seth Arnold, Phil Bartels,



v
Lisa Beckmann, Kelsey Boyle, Adam Boynton, Marissa Buzzeo, Justin Charton, Russ

Ernst, Ariel Furst, Wendy Geil, Joey Genereux, Mike Grodick, Chinny Idigo, Alexis
Komor, Paul Lee, Sebastian Liska, Anna McConnell, Tim Mui, Nataliec Muren, Liz
O’Brien, Eric Olmon, Catrina Pheeney, Cindy Puckett, Christine Romano, Curtis

Schneider, Helen Segal, Rebekah Silva, Pam Sontz, Alyson Weidman, and Brian Zeglis.



vi
ABSTRACT

Transcription factor p53 is the most commonly altered gene in human cancer. As
a redox-active protein in direct contact with DNA, p53 can directly sense oxidative stress
through DNA-mediated charge transport. Electron hole transport occurs with a shallow
distance dependence over long distances through the n-stacked DNA bases, leading to the
oxidation and dissociation of DNA-bound p53. The extent of p53 dissociation depends
upon the redox potential of the response element DNA in direct contact with each p53
monomer. The DNA sequence dependence of p53 oxidative dissociation was examined
by electrophoretic mobility shift assays using radiolabeled oligonucleotides containing
both synthetic and human p53 response elements with an appended anthraquinone
photooxidant. Greater p53 dissociation is observed from DNA sequences containing low
redox potential purine regions, particularly guanine triplets, within the p53 response
element. Using denaturing polyacrylamide gel electrophoresis of irradiated
anthraquinone-modified DNA, the DNA damage sites, which correspond to locations of
preferred electron hole localization, were determined. The resulting DNA damage
preferentially localizes to guanine doublets and triplets within the response element.
Oxidative DNA damage is inhibited in the presence of p53, however, only at DNA sites
within the response element, and therefore in direct contact with p53. From these data,
predictions about the sensitivity of human p53-binding sites to oxidative stress, as well as
possible biological implications, have been made. On the basis of our data, the guanine
pattern within the purine region of each p53-binding site determines the response of p53

to DNA-mediated oxidation, yielding for some sequences the oxidative dissociation of
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p53 from a distance and thereby providing another potential role for DNA charge
transport chemistry within the cell.

To determine whether the change in p53 response element occupancy observed in
vitro also correlates in cellulo, chromatin immunoprecipition (ChIP) and quantitative
PCR (qPCR) were used to directly quantify p53 binding to certain response elements in
HCT116N cells. The HCT116N cells containing a wild type p53 were treated with the
photooxidant [Rh(phi)2bpy]**, Nutlin-3 to upregulate p53, and subsequently irradiated to
induce oxidative genomic stress. To covalently tether pS3 interacting with DNA, the
cells were fixed with disuccinimidyl glutarate and formaldehyde. The nuclei of the
harvested cells were isolated, sonicated, and immunoprecipitated using magnetic beads
conjugated with a monoclonal p53 antibody. The purified immounoprecipiated DNA
was then quantified via qPCR and genomic sequencing. Overall, the ChIP results were
significantly varied over ten experimental trials, but one trend is observed overall: greater
variation of p53 occupancy is observed in response elements from which oxidative
dissociation would be expected, while significantly less change in p5S3 occupancy occurs
for response elements from which oxidative dissociation would not be anticipated.

The chemical oxidation of transcription factor p53 via DNA CT was also
investigated with respect to the protein at the amino acid level. Transcription factor p53
plays a critical role in the cellular response to stress stimuli, which may be modulated
through the redox modulation of conserved cysteine residues within the DNA-binding
domain. Residues within p53 that enable oxidative dissociation are herein investigated.
Of the 8 mutants studied by electrophoretic mobility shift assay (EMSA), only the C275S

mutation significantly decreased the protein affinity (Kp) for the Gadd45 response
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element. EMSA assays of p53 oxidative dissociation promoted by photoexcitation of
anthraquinone-tethered Gadd45 oligonucleotides were used to determine the influence of
p53 mutations on oxidative dissociation; mutation to C275S severely attenuates oxidative
dissociation while C277S substantially attenuates dissociation. Differential thiol labeling
was used to determine the oxidation states of cysteine residues within p53 after DNA-
mediated oxidation. Reduced cysteines were iodoacetamide labeled, while oxidized
cysteines participating in disulfide bonds were *C;Ds-iodoacetamide labeled. Intensities
of respective iodoacetamide-modified peptide fragments were analyzed using a QTRAP
6500 LC-MS/MS system, quantified with Skyline, and directly compared. A distinct
shift in peptide labeling toward *C,Ds-iodoacetamide labeled cysteines is observed in
oxidized samples as compared to the respective controls. All of the observable cysteine
residues trend toward the heavy label under conditions of DNA CT, indicating the
formation of multiple disulfide bonds potentially among the C124, C135, C141, C182,
C275, and C277. Based on these data it is proposed that disulfide formation involving

C275 is critical for inducing oxidative dissociation of p53 from DNA.
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