DNA-Mediated Charge Transfer Between
[4Fe-4S] Cluster Glycosylases

Thesis by
Christine Anne Romano

In Partial Fulfillment of the Requirements
for the degree of
Doctor of Philosophy in Chemistry

CALIFORNIA INSTITUTE OF TECHNOLOGY
Pasadena, California
2011
(Defended March 16, 2011)

ii

 2011
Christine Anne Romano
All Rights Reserved

iii
Acknowledgments
First and foremost, let me express gratitude to my research advisors, Professors
Jacqueline Barton and Dianne Newman. Jackie was very gracious in accepting me into
her lab as a transfer student and giving me a home in the Caltech Chemistry Department.
She mentored me through an interdisciplinary research project, and I feel privileged to have
learned about so many different fields and experimental techniques. I also appreciate her
willingness to let me work so closely with laboratories at both Caltech and MIT, and for
her support of my choosing a post-doc in environmental science. My co-advisor, Dianne,
was a constant source of inspiration and encouragement, even during the difficult years
when she was on the opposite end of the country. I thank her for always remembering me
and my potential, and for her unfailing devotion to my personal and academic well-being.
Dianne offered both brilliant scientific perspective and tremendous emotional wisdom. She
also helped me locate my post-doctoral laboratory, and I hope our paths will continue to
cross as I transition into the realm of environmental microbiology.
My committee chairman, Professor Harry Gray, is always excited. Whether it’s
about a minor breakthrough or a major achievement, Harry possessed a keen interest in my
progress and my research career that motivated me through the difficult moments of my
thesis. I appreciate how he always smiled when I walked into his office and was always
willing to meet with me as if I were one of his own students. I thank him for his
mentorship, his devotion to my progress and career goals, and his ever-positive presence
throughout my Ph.D. journey.
I thank my remaining two committee members, Professors Francis Arnold and
Doug Rees for their constructive comments on my research over the years and their

iv
genuine enthusiasm for my post-doctoral work.
Mo Renta and Olga Batygin, assistants to Jackie and Dianne, respectively,
provided outstanding support throughout my thesis. Mo and Olga were kind counselors
and sympathetic ears. They also kept their laboratories and, in Mo's case, the CCE
Division, running smoothly.

I enjoyed all of Mo's stories about Idgy, Bammy, and

Grayson.
I extend my gratitude to the many Newman and Barton Lab members past and
present for their personal and academic mentorship, and for being both good friends and
great co-workers. I particularly thank Dr. Lars Dietrich, who taught me the basics of
molecular biology and microbiology. Lars is a brilliant researcher and I know he will
become an outstanding mentor to his young laboratory at Columbia University. Also
deserving of special recognition are Dr. Amie Boal, who initiated my thesis project, and
Dr. Alon Gorodetsky, who helped me realize that I could, after all, conquer my most
loathed experimental technique: electrochemistry. Dr. Brian Zeglis offered many words
of encouragement and on occasion, tough love, that I eventually tried to take to heart. He
also took me camping many times. Dr. Paul Lee continually amused and encouraged me,
and he also proved a great swing-dance partner and artistic director for cake-baking
projects.

Eric Olmon and Wendy Mercer were incredibly supportive proofreaders,

providers of pep-talks, and fellow members of the incoming class of September, 2005.
Wendy, in particular, was a remarkably sympathetic friend and colleague.

She

commiserated with me through all the trials and tribulations of transferring labs, navigating
an interdisciplinary research project, coping with laboratory politics, and battling a
scientific world that sometimes seems aligned against you. It helps that she also likes cute

v
bunnies and let me babysit hers on occasion. Wendy defends her thesis a few months
after I defend mine, and I wish her the best of luck and fortune when she begins her postdoc at Cornell.
Just down the hall from the Barton Lab, the Okumura Group students were also
great friends. Thanks to Dr. Laurence Yeung and Kana Takematsu for listening to my
many stories of laboratory misfortunes. It helps that their lab's break room almost always
has cookies.
As a first-year, I joined other women students for weekly tea nights to chat about
our experiences.

Thanks to Dr. Katy Muzikar, Brinton Seashore-Ludlow, Sylvie

Wintenberger, Dr. Jen Stockdill, and Dr. Jenny Roizen for all the tea and cookies.
During the early years of graduate school, I also joined a Potluck Group that met on
Sundays. They allowed me to start each week with lots of free food and social interaction.
They also organized many outings downtown, ski trips, and other adventures in Los
Angeles and California. Many of these people have "grown-up" in graduate school with
me, and I wish them luck as they complete their Ph.D.s and move onto future endeavors.
Special congrats go to Eve Stenson and Brian Standley and Adrienne Erickcek and Nick
Law, two potluck couples who recently married, and Janelle Bray, Dan Grin, Jessie
Rosenberg, and Laurence Yeung, who graduated last June.

I am sure that Kana

Takematsu, Matt Kelley, Wendy Mercer, and Neil Halelamien will soon follow.
Members of this potluck group convinced me to join the Caltech Ballroom Dance Club,
which proved an unexpected source of entertainment and social activities. Thanks for
putting up with my terrible DJ-ing skills, my staunch anti-sparkle-ism, and my relentless
assertions that Lindy Hop is much a better dance than Ceroc or West Coast Swing (because

vi
it is!!!).
Later in graduate school, I joined Prufrock Group, a cooking group that also
became a community of treasured friends.

They provided many free meals and the

opportunity to transfer my scientific frustrations into culinary endeavors. There's a reason
I'm good at chopping potatoes! More importantly, though, most members of Prufrock were
close to my year in graduate school and, as we grew up together, they also provided me
with encouragement and perspective as I navigated its difficult moments. Many thanks to
Zuli Kurji, Theresa Emery, Matt Kelley, Heather McCaig, and Michael Mendenhall
for keeping my stomach full and your ears open. In addition to maintaining the Prufrock
club's backyard garden, Heather McCaig was an outstanding roommate for the better part
of five years. Heather is a fellow tea fanatic, an outstanding cook of often unusual cuisines,
and a willing participant in late-night social gatherings. I am still amazed that she and I
have managed to remain such good friends after living in the same apartment for so long.
She has remained upbeat and undeniably quirky through all the difficulties of her Ph.D.
project, and I admire her spirit. I am also constantly amazed when I watch her dance ballet.
I wish Heather all the best in her post-Caltech endeavors.
In addition to providing a wonderful support network of friends and fellow
scientists-in-training, Caltech maintains many student support services that have greatly
enriched my Ph.D. experience. I cannot endorse the Caltech Y enough. The staff there is
always positive and friendly, and they maintain constant smiles and calm demeanors amidst
what must be a very demanding workload for such a small office. In addition to overseeing
volunteer activities and cultural trips in which I have participated, the Caltech Y Outdoor
Committee has dramatically changed my years in Pasadena. I came to Southern California

vii
expecting to find Mickey Mouse, some palm trees, and lots of smog. The Caltech Y's
many day hikes, camping trips, and backpacking trips helped me realize that California is a
much more diverse, complex, and gorgeous place to live. I did not realize that so much
natural beauty and dramatically varying landscapes were located so close to such populous
urban centers. The Caltech Y taught me to love the great outdoors, which prompted my
participation in the Caltech Hiking Society, and my desire to travel all over California, and
even into Arizona's Grand Canyon, in search of wilderness adventure. These adventures
inspired me to elect a post-doc that involves research in Yellowstone National Park.
Another student support office that was pivotal for my progress was the Dean of
Graduate Student's’ Office. The two desks in the front of this office are occupied by Icy
Ma and Natalie Gilmore, who pleasantly saw me through the piles of paperwork that
marked almost every milestone on the path towards a Ph.D. The wonderful Dr. Felicia
Hunt occupies one of the back offices. I cannot say enough about Felicia. Her job
requires constant oversight and organizing of campus events, recruitment weekends,
orientation, and graduate student quality of life concerns, although she always makes the
time to meet one-on-one with those students who need assistance.

She is an academic

advisor, emotional counselor, and professional advocate all rolled into one. She fights for
all students, particularly women, to have the opportunity to complete their Ph.D. and
pursue a career in science. Felicia helped me overcome my most severe obstacles in
graduate school and celebrate the tiniest accomplishments. She is still, carefully, but
proudly, watching me approach the finish line.
Before her promotion to assistant dean, Felicia Hunt oversaw the Caltech Women's
Center. Felicia and her successor, Portia Harris, arranged programming, camaraderie

viii
building, social networking, and assistance for women graduate students, who comprise
a surprisingly small percentage of Caltech's student population. All of the workshops,
presentations, and conversations were tremendously inspiring. Among the encouraging
women I met at the Women’s Center were Dr. Heather Hunt, a recent Caltech graduate
who had a difficult thesis project but is currently on the cusp of accepting an academic
position, and Dr. Roberta Hansman, an oceanographer who encouraged my enthusiasm
for environmental science. Roberta helped me search for post-doctoral positions and even
drove me to one of my interviews. I wish Roberta best of luck as she completes her postdoc and moves on in the scientific world.
Speaking of environmental scientists, I thank the Caltech Roof Lab (a.k.a. the
Flagan and Seinfeld research groups) for becoming such close friends in grad school and
welcoming me into their community.

You guys were my "lab away from lab" and

provided a social network when I needed time away from my own research group. I was
invited into the Roof Lab family by Dr. Arthur Chan, who has been an incredible source
of strength and support throughout my Ph.D. I appreciate Arthur taking me away from
campus so often when I needed the distraction, and for continuing to check in on me from
his current post in Berkeley. He is also going to get me a golden retriever someday.
Arthur, his roommate Andrew Metcalf, and labmate Christine Loza, cooked for me
frequently.
The Chemistry Department Staff, past and present, proved crucial for my ability to
complete research projects. Thanks to Dian Buchness, Laura Howe, Agnes Tong, Steve
Gould, Tom Dunn, Anne Penney, Chris Smith, Joe Drew, and Ron Koen.
I thank Geoff and Karen Blake for letting me be partially adopted by their

ix
gorgeous golden retriever, Ranger, during the last few months of my thesis. All the
walks, frolics, and play sessions were such joyful diversions from the tedium of writing.
On that note, many of Ranger's kindred spirits also helped me endure the difficulties of
graduate school. My gratitude goes to Leia, Thao, Cody, Pepper, Salt, Tiger, Eva,
Jackie, Tricksy, Twiggy, Toby, Oliver, Tobi, Xerion, Coco, Puffy, Plato, Socrates,
Buttercup, and their respective people.
I would like to conclude these acknowledgments with a personal note to my family.
First, let me thank my ever-nurturing grandmother, Consuelo Soto. Her kindness and
gentle voice always make me smile. She amuses me and cares for me, and it is great to
know that I will always have a place to stay when I visit Austin, TX. One of my
grandmother's other great fans is my sister, Claire Romano. Claire is the family artist, and
while our personalities differ greatly, she has never failed to call (eventually...) to celebrate
a birthday or when she hears of an accomplishment. She also keeps me posted on all the
events of Central Texas, a region that I miss dearly. I appreciate her encouragement of her
nerdy older sister during the Ph.D. struggle. An admirer of both my grandmother and my
sister is Boerne, the family's shepherd-hound mix. It's weird that I admire Boerne so
much, given that his life ambitions rarely extend beyond napping or acquiring that one
extra piece of cheese. However, Boerne was rescued from mistreatment, and he has
recovered from those conditions and learned to love my family with so much positive zeal.
I hope that when I have to endure difficult circumstances, I will also be able to remain
hopeful and someday land in a world surrounded by treats, toys, and adoring companions.
Graduate school and all its struggles have actually strengthened my relationship
with my parents, Martha and Michael Romano, and their continued support has meant the

x
world to me. I thank them for understanding that yes, I'm still alive, even though I do not
always call on time. I thank them for trying to learn about everything from DNA to
microbiology in order to understand what I do. I thank them for letting me haul them up
California mountaintops on long hikes, wheezing all the way, because they wanted to
experience what I enjoy about living in Pasadena. I thank them for sending me to the Los
Angeles Philharmonic on my birthday because they know that I want to experience both
fine arts and science during my Ph.D. studies. I thank them for reminding me that they are
always proud of how much I have achieved, no matter how insignificant I perceive my
accomplishments to be. I also thank them for letting me explore this unknown and
mysterious career pathgraduate schooland for pledging their unfailing devotion to me
through whatever lies ahead.

xi
Abstract
The work performed herein describes three proteins: Uracil DNA glycosylase
(UDG) from Archaeoglobus fulgidus, MutY, and Endonuclease III (EndoIII) from
Escherichia coli. They are DNA repair glycosylases that contain [4Fe-4S] clusters. While
the catalytic mechanisms of many BER enzymes have been studied in detail, questions
remain about how these enzymes search the vast amount of cellular DNA to find their
substrates, and why some require a [4Fe-4S] cluster.

The iron-sulfur cluster is not

necessary for catalysis, and it only displays a physiologically relevant midpoint potential
when bound to DNA. We have proposed that UDG, MutY, and EndoIII use their [4Fe-4S]
clusters to participate in DNA-mediated charge transport (CT), and that these proteins
mediate long-range electrochemical signaling in order to detect DNA damage.
This scheme for DNA damage detection assumes that CT occurs efficiently
between the DNA helix and the [4Fe-4S] cluster of the bound protein. In order for efficient
CT to occur, a pathway of amino acids must be present that facilitates CT between the
DNA and the iron-sulfur cluster. For each of the enzymes mentioned, this pathway was
explored through mutagenesis. In UDG, MutY, and EndoIII, several amino acids thought
to be important for CT were mutated and the resulting proteins were characterized
biochemically. Their CT capabilities were analyzed by cyclic voltammetry on DNAmodified electrodes. In these experiments, the mutants’ signal intensities were quantified
and compared to those of wild-type enzyme. An attenuated signal relative to wild-type
protein may indicate that the mutant is deficient in CT and that the targeted amino acid is
part of the protein-DNA CT pathway in the native enzyme. Many mutants were also
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screened by enzymatic assays and circular dichroism spectroscopy to further
characterize their DNA-binding properties and structural stability.
The A. fulgidus UDG mutants examined, C17H, C85S, and C101S, all contained
mutations in the cysteine residues that ligate the [4Fe-4S] cluster. These mutants were
designed to determine how the iron-sulfur cluster coordination environment affects proteinDNA CT. The mutants exhibited varying signal strengths relative to WT UDG on DNAmodified electrodes. C85S produced a weaker signal, indicating a CT deficiency. The
signal intensity from C101S was within error of that of WT, and the signal from C17H was
larger than that of WT, possibly indicating that this mutant is less structurally stable than
WT UDG.
In E. coli MutY, position Y82 aligns with Y165 in MUTYH, a residue in which
mutations have been found in many colorectal cancer patients. To better understand the
correlation between protein-DNA CT and colorectal cancer, the MutY mutants Y82C and
Y82L were prepared and characterized. Y82C exhibited a CT deficiency relative to WT
MutY, whereas Y82L did not. These data indicate that Y82 forms part of the CT pathway
in native E. coli MutY, but that other long-chain amino acids, such as leucine, can also
mediate CT efficiently at this position.
Several different mutants of E. coli EndoIII were examined. First, the Y82 position
was targeted, since the aligning MUTYH residue has been found mutated in colorectal
cancer patients and because this residue is located near the protein-DNA interface. Five
mutations were made at or near the Y82 position, and their cyclic voltammetry signals
demonstrated that aromatic amino acids best mediate CT at this position. Other residues
towards the interior of the protein, Y75, Y55, and F30 were also mutated to alanines.
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These mutants exhibited CT deficiencies, implicating the residues as part of a potential
CT pathway. Residues W178 and Y185, located near the [4Fe-4S] cluster of EndoIII, were
also mutated to alanines. The resulting mutants produced larger signals than that of WT
EndoIII. These mutants were later shown by circular dichroism spectroscopy to be less
stable structurally than WT EndoIII. All of the mutants mentioned exhibited enzymatic
properties similar to those of WT, suggesting that they are able to bind DNA and excise
damage nucleobases as well as the native enzyme. Several of these mutants were also used
in a mutagenesis-based experiment to assay how EndoIII variants help MutY search for
DNA lesions, although data from these experiments showed no significant differences in
mutation rate between strains expressing different EndoIII variants.
In total, the mutagenesis studies performed here helped determine the
characteristics of BER enzymes that enable them to mediate DNA-protein CT. All these
enzymes must contain a stable, well-protected metallocluster that charge can access
through a series of CT-facilitating amino acids. In discovering several residues important
for protein-DNA CT in UDG, MutY, and EndoIII, we have strengthened support for the
hypothesis that these enzymes facilitate DNA-mediated CT in vivo. These enzymes may in
fact be part of a much larger array of redox-active DNA-binding proteins that communicate
electrochemically to help each other detect and repair DNA lesions inside the cell.
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