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A tale of two cities: A tribute to Aziz Sancar’s Nobel Prize in
Chemistry for his molecular characterization of NER

Bennett Van Houten”

Department of Pharmacology and Chemical Biology, University of Pittsburgh Cancer Institute,
University of Pittsburgh School of Medicine, University of Pittsburgh, Pittsburgh, PA 15213, United
States

It was just after 6 AM on October 7, 2015. A first cup of coffee penetrated my morning fog
while I was listening to the BBC news. After the usual worrisome headlines, the announcer
concluded with “And this year’s Nobel Prize in Chemistry is shared by three individuals
working in the field of DNA repair: Tomas Lindahl, Paul Modrich and Aziz Sancar.” |
immediately ran downstairs to write a short congratulatory email to Aziz, knowing full well
his ‘inbox” would be packed and he would have little time to reply as his world would soon
get incredibly busy; he actually responded with a kind thank you within a week.

As | sat there staring at the computer screen before pressing “send,” | was transported from
Pittsburgh back to the time from January 1985 to the Fall of 1988 when | worked in Aziz’s
laboratory in Chapel Hill, NC. Together with Intisar Husain and Dave Thomas, we were
Aziz’s first crop of postdocs. | had just completed my PhD in James Regan’s laboratory at
the University of Tennessee’s Oak Ridge School of Biomedical Sciences located at Oak
Ridge National Laboratory (ORNL). Due to its proximity to nuclear reactors capable of
making radioisotope-labeled macromolecule precursors, the Biology Division of ORNL was
a hot-bed for molecular biological research. Jim had worked previously with Richard Setlow
to show that cells from patients with xeroderma pigmentosum (XP) have a defect in the
removal of cyclobutane pyrimidine dimers (CPD) [1], a confirmation of James Cleaver’s
earlier result showing that XP cells are defective in repair replication after UV irradiation
[2]. Using alkaline sucrose gradients, Jim Regan and Richard Setlow showed that XP cells
lack the initial incision step seen in normal cells after irradiation with 254 nm light (UVC)
[3]. They also developed a powerful technique using bromodeoxyuridine flash photolysis to
measure the patch sizes of DNA repair helping to establish that different patch sizes exist for
base excision repair (BER) versus nucleotide excision repair (NER) [4].

These studies followed the remarkable discovery of NER in 1964 (see timeline in Fig. 1).
Bill Carrier and Richard Setlow at ORNL [5], as well as, Richard Boyce and Paul Howard-
Flanders at Yale [6], independently discovered an active process by which cyclobutane
thymine dimers are removed from Escherichia coli. Concurrently, David Pettijohn and Phil
Hanawalt at Stanford demonstrated repair replication the non-conservative incorporation of
radioactive nucleotides into parental DNA strands during NER [7]. In the same year, Ronald

"Correspondence to: 5117 Centre Ave, Hillman Cancer Center, Research Pavilion, Suite 2.6, Pittsburgh, PA 15213, United States.
vanhoutenb@upmc.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Van Houten

Page 2

Rasmussen and Bob Painter at the NASA Ames Research Center found that tritiated-
thymidine was incorporated into DNA in non-S-phase mammalian cells after UV irradiation
in what they called ‘unscheduled DNA synthesis’ as evidence for NER in mammalian cells
[8]. At this time, the model for NER was damage recognition, incision/excision, repair
synthesis and DNA ligation (see Fig. 2). However, the incision mechanism was not
understood, so it was unclear whether the repair process occurred through a ‘cut and patch’
or a ‘patch and cut” mechanism [9].

Part of my own research at ORNL, in collaboration with Warren Masker, was to partially
purify the UvrABC proteins for use in a modified endonuclease sensitive site (ESS) assay.
The ESS assay was developed to follow the removal of the CPD lesion, and involved pre-
labeling the mammalian DNA with either 14C- or 3H-labeled thymidine and running the
DNA on alkaline sucrose gradients with and without treatment with a CPD-specific
endonuclease isolated from Micrococcus luteus[10,11]. Our goal was to detect the
formation and removal of highly carcinogenic (anti-) and relatively less carcinogenic (syr-)
diastereomer benzo[a]pyrene diol epoxide (BPDE) adducts from mammalian cells. These
studies were focused on testing the hypothesis that the less carcinogenic syr-BPDE lesions
are repaired more quickly than the more carcinogenic ant/-BPDE adducts [12]. We therefore
had to generalize the ESS assay by using the UvrABC nuclease system, instead of the CPD-
specific M. luteus enzyme [13]. We were following the protocols of Erling Seeberg, one of
the pioneers in bacterial NER enzymology. He had developed a method for partial
purification of the UvrABC proteins, and had shown that their associated ATP-dependent
activities [14,15] could incise DNA containing several different types of “bulky lesions,”
including those produced by BPDE [16]. As a graduate student, | was struggling with a
question that turned into a life-long quest: how do NER enzymes interrogate DNA as they
probe for lesions, and what motifs do they use to sense the structural and conformational
changes induced by DNA damage?

When | was finishing my PhD, Warren suggested | write to Aziz Sancar about the possibility
of postdoctoral training as he had recently set up his own laboratory just east over the
Smokey mountains from Oak Ridge, at the University of North Carolina at Chapel Hill. As a
postdoc in Dean Rupp’s laboratory, Aziz had developed a unique detection scheme for
identifying plasmid encoded proteins [17]. Aided by this approach he purified the UvrA,
UvrB and UvrC proteins to homogeneity and shown that the proteins worked in an ATP-
dependent manner to incise plasmid DNA containing either UV-induced photoproducts,
cisplatin adducts or psoralen adducts [18]. Furthermore, by comparing the incision sites of
the CPD-specific T4 endonuclease V to the incision positions produced by the UvrABC
proteins, he was able to infer that the UvrABC proteins worked like an “excinuclease” to
incise the eighth phosphodiester bond 5" and the fourth or fifth phosphodiester bond 3’ to a
TC, CCor CT CPD, resulting in the release of a 12 or 13 base oligonucleotide containing
the damage [18]. During the same year, using highly purified UvrA, UvrB and UvrC
proteins, and similar approaches, these results were confirmed by Tony Yeung working in
Larry Grossman’s laboratory [19]. Together these two studies supported a cut and patch
model of NER (Fig. 2).
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I was very lucky to be accepted into the Sancar lab, and despite the excellent bench training
I received at ORNL, I still wanted to hone my biochemical and molecular biology skills. |
remember the first agarose gel | ran in Aziz’s lab in January of 1985, which slipped out of
the gel holder and into the sink, its shattered wreckage a disquieting sign | might be in over
my head if not under water as | developed more sophisticated approaches! It was a
remarkable time in Aziz’s laboratory. Dave Thomas, a postdoc who was an expert in protein
purification, was making large batches of highly purified UvrA, UvrB and UvrC proteins.
This was a huge task as we did not have tagged proteins and several of the protein
purifications took five to six different chromatography steps. Intisar Husain seemed to have
his hands on every project in the lab, and set out to sequence the vvrA gene, while | was
there to help see how these proteins worked.

People often ask me what was it like to work in Aziz’s laboratory, and the first line of
Charles Dickens’ novel, A Tale of Two Cities comes to mind: “It was the best of times, it
was the worst of times...” The best of times, as we were able to do highly innovative
experiments that led to a molecular understanding of how E. co/i NER proteins process
DNA damage. The worst of times because of the extreme pressure to produce results. Aziz
and his wife, Gwen Sancar, worked amazingly long hours and we were expected to match or
exceed their shift in the laboratory. Aziz took me in with little molecular biology or
biochemical experience and | owe my career to his outstanding training. \We worked
extremely hard, and ironically both the postdocs and graduate students enjoyed lingering
after Aziz and Gwen had left. When in their absence, the lab took on an informal
atmosphere of camaraderie. The saying in the lab was, “see you today” as we would often
depart after midnight in an effort to finish one set of experiments in preparation for another
set the next day. We actually had a television in the laboratory, which allowed us to check in
on sporting events, and watch Miami Vice on Friday nights before going out for a well-
deserved drink. Gwen and Aziz usually worked 9 AM to 9 PM every day of the week except
for Sunday, when Aziz would only work “a half a day” so that he could go home to watch
the Dallas Cowboys’ football games. Thomas Edison has been quoted as saying that genius
is 99% perspiration and 1% inspiration. In the halo of Aziz’s brilliance, we all worked at a
higher level and surpassed our wildest expectations. Like an astute coach constantly
challenging us to work harder and smarter, Aziz pushed us past our limitations. A
tremendous work ethic, the ability to synthesize voluminous literature, the skill to develop
highly productive collaborations, and the fearlessness to take on any project are some of the
qualities that helped to earn Aziz a Nobel Prize. Aziz has a voracious hunger for knowledge
that he tries to satiate by reading huge numbers of papers. This essential ingredient, |
believe, contributed greatly to his success because it facilitated tremendous insights as new
ideas would bubble up from his subconscious brain to his lips and out onto the bench.

The first task that we three postdocs undertook was to try to reconstitute the bacterial NER
pathway with six purified proteins: UvrA, UvrB, UvrC, UvrD, DNA polymerase 1 (Pol 1),
and DNA ligase. Our laboratory was in direct competition with Larry Grossman’s group at
Johns Hopkins University. They beat us by two months, but fortunately both groups were
able to publish in the Proceedings of the National Academy of Sciences [20,21]. These two
papers showed that the activity of the UvrA, UvrB and UvC proteins led to a stoichiometric
number of incisions, and it was not until we added both Pol | and UvrD, a DNA helicase,

DNA Repair (Amst). Author manuscript; available in PMC 2016 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Van Houten

Page 4

that a true turnover of the UvrABC proteins occurred. We found that the combined action of
UvrD and Pol | were necessary and sufficient to dissociate the post-incision complex of the
UvrBC proteins and allow gap filling by Pol 1. The final stage was sealing of the repair patch
by DNA ligase. We later showed that if DNA ligase was present, the repair patch filled in by
Pol I was quickly ligated close, and greater than 85% of the repair patches were exactly 13—
14 nucleotides in length [22].

My own good fortune was further enhanced in 1985, when Aziz shared an email with me
from John Hearst at UC Berkeley, who thought it would be interesting to see how the
UvrABC system processed psoralen monoadducts and interstrand cross-links. A brilliant
postdoc in his laboratory, Howard Gamper, had just come up with a way to make short
oligonucleotides with specific psoralen adducts at defined sites. Howard and | met in the
spring of 1986 at a Mammalian DNA repair Gordon conference and during a magnificent
afternoon by the beach, we outlined what would become three years of exciting experiments,
which are described in more detail below. It was during the same meeting that | had lunch
with Larry Grossman and Errol Friedberg. It was a memorable occasion for several reasons,
including an incredible story Larry told over dessert about having to ditch his P51 Mustang
fighter plane after being shot down over the Pacific Ocean during World War 11, eventually
being rescued as he floated alone in a small inflatable raft. At this time, in 1986, Errol’s
laboratory, as well as the labs of Louise and Satya Prakash, were cloning and characterizing
the genes and proteins responsible for mediating NER in the budding yeast, Saccharomyces
cerevisiae. Later in the 1990s, these two teams went on to characterize the key steps in
eukaryotic NER at the molecular level [23-27]. Because the genes and proteins in yeast
share high sequence identity with the human repair proteins, their pioneering efforts
supported the subsequent reconstitution of the mammalian NER pathway by Aziz’s group
[28,29], as well as by Rick Wood’s laboratory [30] (in conjunction with Jean Marc Egly and
Jan Hoejimakers) reviewed in [31-34]. This was a truly remarkable accomplishment, as
human cells employ ~30 proteins in NER in contrast to bacterial cells, which require only
SiX.

Working first with Howard Gamper and later with Suzanne Cheng (a graduate student in
John Hearst’s laboratory at UC Berkeley) we ligated psoralen containing oligos into larger
duplexes. Using these substrates and the purified Uvr protein system, we were able to
describe each step of the bacterial NER pathway: from damage recognition, to verification,
and then incision (see Fig. 2). In this way we could precisely map at the nucleotide level
where the UvrABC system would incise the damage-containing DNA strand at the eighth
phosphodiester bond 5" and the fourth or fifth phosphodiester bond 3" to a psoralen-
thymine monoadduct, confirming Aziz’s early work from 1983 [18]. Using DNAase |
footprinting, we were able to determine the binding affinity of the UvrA and the UvrAB
complexes. Moreover, we found that UvrA bound to a region of 33 bp and made strong
contact with the non-damaged strand, but surprisingly the footprint shrank down to just 19
bp when we added UvrB [35]. What we didn’t appreciate at the time, until Dave Orren, a
graduate student in the lab, later showed that once the UvrAB complex finds a lesion, UvrA
positions UvrB at the site of the damage and then dissociates, leaving behind a very stable
UvrB-DNA complex [36,37]. Thus, Dave helped to elucidate the molecular nature of the
salt-insensitive recognition complex characterized by filter binding assays as reported
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several years earlier by Larry’s group [19]. In another exciting project in Aziz’s lab, we were
able to investigate how the UvrABC proteins process inter-strand cross-links using an
“incision/recombination/incision” pathway—a repair model first suggested by Ron Cole
[38]. We were able to show at the molecular level that UvrABC cuts only one side of a
psoralen inter-strand adduct [39], while RecA helps to insert a complementary strand into
the gap to generate a three stranded DNA structure [40]. This intermediate is then further
processed by UvrABC in a second round of incisions that attacks the other psoralen-
modified strand, which is cross-linked to the excised oligo (see Fig. 3).

There were several times during my stay in Aziz’s lab when | felt | was given lucky breaks.
For example, Aziz does not like to travel and he was asked to give a talk at a big meeting in
the Netherlands and at the last minute decided not to go. Over the last four decades, the
Netherlands has had an incredibly strong program in DNA repair, first under the direction of
Dirk Bootsma and now Jan Hoejimakers and Wim Vermeulen in Rotterdam, and Paul
Lohman and Leon Mullenders in Leiden. So attending this extremely important and exciting
meeting was a ‘big deal’, and as fate would have it, the organizing committee called me and
asked me if I could present the laboratory’s work on the biochemistry of bacterial NER.
Having never been to Europe | of course jumped at the chance to go. Since my last name is
Dutch, | received a very warm introduction, to which | spontaneously said at the beginning
of my lecture, “on behalf of my genes it’s good to be home again”. Many people bought me
beers that night, and the presentation of our data was a big success; it truly helped launch my
career. | am very lucky that Aziz doesn’t like to attend meetings.

While we were characterizing the molecular activities of the proteins, we were also busily
sequencing the £. coli uvrA, and uvrB genes. Gwen and Aziz had started sequencing uvrC
while still in Dean Rupp’s laboratory, with the task finally completed in 1984 [41]. Recall
that although entire bacterial genomes currently may be sequenced in just days, in the mid
1980s a single gene took many months of hard work. We were not able to get dideoxy
sequencing to work efficiently in the lab, so we settled for the classical Maxim-Gilbert
sequencing (Walter Gilbert shared the Nobel Prize in Chemistry in 1980 with Fredrick
Sanger and Paul Berg) in which we used the chemical reactivity of specific reagents for
particular bases to facilitate nucleotide-specific cleavage, which we could read on huge
hand-poured sequencing gels. We sequenced the uvrA gene by taking DNA fragments of it,
labeling both 5" ends with 32P, cutting each fragment with a restriction enzyme, then
sequencing as far from each end as we could, hoping to encounter more restriction enzyme
sites that would allow us to progress further. Remarkably, UvrA apparently evolved via gene
duplication [42], encompassing two putative ATP binding sites and several putative zinc
fingers [43], the presence of which were definitively established by Gary Myles, a graduate
student in the lab [44—46]. The functional ATP cassettes were also confirmed by Larry’s
group in a similar way [47]. However, it was many years later, after the UvrA crystal
structure was solved, when it was determined that UvrA’s ATPase domains comprised an
unusual intramolecular interaction in which the Walker A domain from one region interacted
with the Walker B domain of the corresponding duplicated region [48]. Another important
research group studying bacterial NER in the 1980s and 90s was Pieter van de Putte’s
laboratory at the Laboratory of Molecular Genetics at the University of Leiden. This group,
which included Nora Goosen (who went on to run her own highly successful laboratory
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investigating the UvrABC machinery), made many important contributions to the field of
NER, including the first direct evidence of UvrA loading of UvrB using gel mobility shift
assays [49]. Nora’s group proved that nuclease centers responsible for the 3" and 5
incisions are housed in the N- and C-terminus of UvrC, respectively [50]. These studies
extended the previous work by Jing-Jer Lin and Aziz who identified of the catalytic triad of
UvrC responsible for the 5" incision [51]. Additionally, Nora’s lab discovered that £. coli
and some other bacteria contain a homolog of UvrC, Cho that lacks the N-terminus and
incises 10 nucleotides away from the lesion on the 3" side of the damage [52,53] (Fig. 4).

It was during the intense period of DNA sequencing of the «vrA and uvrB genes that we
gained some insights into Aziz’s early years growing up in Savur, Turkey, when a friend and
colleague of his, Erlap Arikan, visited the lab to help sequence the uvrB gene [54]. His
amicable smile and jolly persona affected all of us in a positive way. He arrived in the lab
with rudimentary English language skills, but his enthusiasm for learning and speaking
English brought the whole group together. This was especially true in the evenings as we
were drying down sequencing gels and waiting to put them down on X-ray films for
overnight exposures. As he practiced his English he told us that he knew Aziz from school,
where Aziz preferred reading books rather than running around and playing soccer with his
classmates. Aziz’s thirst for knowledge was truly unquenchable; this in turn, impelled him to
press us to work hard; he knew what everyone was doing each day. He loved to pour over
data with us, and together we would discuss the next steps, and ultimately, the resultant
manuscript—he understood the imperative to publish research in a timely fashion.

The intense working environment of Aziz’s laboratory prompted the need to escape the daily
burden of churning out data. Many of us would go to the gym over dinner time, and we
would suffer Aziz’s disapprobation as we would leave the lab. “You know, your heart only
has so many beats — when you go work out you are using them up.” Of course Aziz knew
that was nonsense, | believe it was his way of saying, “please stay here and keep working—I
need to know more.” Sometimes in Aziz’s lab when we were particularly productive, we
would drink shots of whiskey as a group every time we got a paper accepted—a monthly
event.

It is with very fond memories that | look back on our long discussions with Gary, Dave, and
a fellow graduate student, Gillian Payne who helped workout the action mechanism of DNA
photolyase in another exciting and collaborative project with Gwen Sancar’s laboratory. |
wouldn’t trade one day of my three and a half years in Aziz’s lab for any other; in spite of
the grueling pace, and perhaps because of it—it was truly the best of times.

With the help and support from our chair of Biochemistry at UNC, Mary Ellen Jones, |
moved on to take my first faculty position at the University of Vermont and Aziz’s group
went on to purify and characterize the transcription repair coupling factor (TRCF) encoded
by the mfd gene [55]. This genetic locus was first discovered by Evelyn Witkin, who was
awarded the 2015 Lasker prize for her studies on damage-inducible genes. Evelyn had
discovered mutation frequency decline, a process in which bacterial cells starved of nutrients
following UV-irradiation had lower levels of UV-induced mutagenesis [56,57].
Transcription-coupled repair was first identified in mammalian cells by Vilhelm Bohr, Allen
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Smith and Diane Okumoto working with Phil Hanawalt [58,59] during the same period
while we were working out the steps in bacterial NER.

A postdoc in Phil’s lab, Isabel Mellon, suggested that the translocating RNA polymerase
might be the sensor of DNA lesions, and then she proved that the transcribed strand is
repaired more rapidly than the non-transcribed strand in mammalian cells [60,61], as well as
in bacteria [59] Later, in her own laboratory, she ascertained that transcription coupled repair
in E. coliwas under the direct control of the MFD protein [62,63]. During transcription-
coupled NER the arrested RNA polymerase at the site of a DNA lesion helps to recruit other
repair factors to the site of damage on the transcribed strand. Through some impressive
detective work, Aziz, working with Chris Selby, was able to identify and purify the coupling
factor, TRFC, and show that it is the product of the mfd gene, and that it assisted in the
removal of stalled RNA polymerase from the DNA. They speculated that it might recruit
UvrABC to the site of the damage [55,64—-67]. It was later shown by several groups who
helped solve the structure and function of TRCF/MFD that this protein shares a UvrB-
homology domain to which UvrA binds [68-70]. It is believed that once RNA polymerase
stalls at a damaged site, binding of MFD triggers opening of this UvrA interacting domain to
facilitate pushing RNA polymerase off the damaged site through its translocase activity
while simultaneously recruiting UvrA to the site [71-75].

Once at the University of Vermont, | invited several scientists working in the field of DNA
repair to give lectures about their work. During his visit, Errol Friedberg suggested that |
write a comprehensive review of the bacterial nucleotide excision repair system. What a
delightful, if not daunting task, as | contemplated the diverse repertoire of substrates upon
which the UvrABC system acted [76]. Unlike the glycosylase initiators of BER (see [129]),
which sense highly specific structural features of DNA (i.e., damaged or incorrect bases),
NER proteins dance a tango with DNA to sense dynamic changes in its motion and stability
caused by DNA lesions. In my 1990 review, | was accorded the space and the time to
explore the question that | began to ponder as a graduate student, “how do NER proteins
work together to probe DNA for imperfections?” This monograph was a labor of love, and
for a brief spell | was able to familiarize myself with almost every key piece of data about
bacterial NER and critically analyze the merits of each study [76] to develop a working
model of NER, see Fig. 3. | didn’t realize at the time how much | was channeling Aziz as |
read and digested several hundred papers that punctuated the field of bacterial NER.

The process of writing a comprehensive review forged an arc of discovery that has propelled
my group forward for more than two decades. This is a great lesson for new faculty
members: work with a member of your new laboratory to write an exhaustive review on the
field you are hoping to pursue for the years to come. | am still riding this spectacular surge
of discovery that started when | was a graduate student with Jim Regan and swelled to a
huge wave during my time in Aziz’s lab, which my group and | continue to surf in our
efforts to understand what molecular details DNA repair enzymes detect in DNA lesions as
they probe for DNA damage.

Once settled at the Univeristy of Vermont, with great mentorship of several colleagues who
soon became my scientific siblings, Nick Heintz, Wah Kow, Sriram Krishnaswamy, Nick
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Farrell, Brooke Mossman and Susan Wallace, my research program became established.
Susan, Wah and | organized a meeting on DNA Damage Recognition [77] where we learned
from John Tainer about the first resolved structure of a DNA repair enzyme, exonuclease 111
[78,79], and were trained in the molecular dynamics of DNA by Suse Broyde, New York
University [80]. Suse offered a fantastic tutorial on how to use a silicon graphics work-
station to model the vibrations of DNA, as it was being probed by DNA repair enzymes. The
intervening years have born witness to the huge increase in computational power that now
allows us to do such types of imaging using Pymol running on laptops and even smart
phones! Together, she and Nick Geacintov have contributed a series of beautiful papers that
have helped to reveal what NER enzymes see as they probe the DNA for damage-induced
chemical and conformational changes [81-83]. Their most recent study shows in great detail
how XPC uses its beta-hairpins to probe for DNA damage [84]. They have taught me that
damage recognition during NER is highly dynamic, and that while crystal structures are
informative, they are only snap-shots of the process; it is the miraculous dance of repair
proteins along the undulating fibers of DNA that allows molecular recognition of structural
perturbations induced by a large array of damaging agents acted on by NER. | feel so
privileged to be a student of NER and to work in this exciting field with such brilliant
colleagues.

After a productive period in Vermont, | was lucky enough to be recruited by Sam Wilson
when he assembled a gifted group of researchers studying genome stability at the University
of Texas Medical Branch (UTMB) in Galveston, Texas. In addition to Sam Wilson and me,
the group consisted of Louise and Sayta Prakash, Patrick Sung, Sankar Mitra (whom | knew
and admired from ORNL for is work on replication and then BER), and Stephen Lloyd (who
worked out the action mechanism of the CPD-specific T4 lyase). The Sealy Center for
Molecular Science was a powerful engine of discovery in all aspects of genome stability and
it was our year of glory when Science magazine declared DNA repair enzymes the
“molecule of the year” in 1994 [85]. Under Sam’s mentorship, and the collective help of the
faculty at the Sealy Center for Molecular Science, my research program blossomed in two
directions: we continued to make important inroads into understanding the UvrABC system
[86-89] and we initiated investigations into the nature of mitochondrial DNA damage and
repair [90,91].

Several years later Sam Wilson was recruited to the position of Deputy Director at the
National Institute of Environmental Health Sciences (NIEHS), NIH, and he hired me to run
an intramural lab, as well as to direct the Program Analysis Branch in the extramural
division of the institute. It was during these years at NIEHS that | had the fortune of
beginning a highly productive collaboration with Caroline Kisker at SUNY Stony Brook and
subsequently, when she moved to the University of Wiirzburg. Together we contributed one
of three new crystal structures of UvrB [92-95], which has a helicase fold, as well as, the
first structure of UvrB bound to DNA [96], and two nuclease domains of UvrC (Fig. 5)
[97,98]. We discovered that UvrB interrogates and verifies the presence of a DNA lesion by
inserting a beta-hairpin into the DNA and that it uses key hydrophobic residues to
distinguish the damaged structure from undamaged DNA [99-101]. My first graduate
student, Amanda Snowden (McCullough), and I had first proposed such a detection
mechanism in a review some 13 years earlier [102]. Knowing that stacking interactions of
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the bases governs the configuration of B-form DNA, we envisioned that aromatic side chains
might intercalate between the bases to measure “the closeness of fit to the Watson and Crick
structure,” as had been suggested by Phil Hanawalt and Bob Haynes in 1965, when they
reported that, in addition to UV induced CPDs, chemical adducts to DNA were subject to
excision repair, and that the system must be able to deal with a wide variety of different
types of alterations [103].

I moved to the University of Pittsburgh in 2008, and thanks to a superb collaboration with
Neil Kad (University of Kent), David Warshaw (University of Vermont), and Hong Wang (a
talented postdoc in my laboratory, now at North Carolina State running her own productive
lab) we were able to achieve a lifelong goal of mine: to actually watch individual molecules
of UvrA and UvrB search for DNA damage. Using a DNA tightrope assay developed by
Neil, we observed quantum-dot-labeled UvrA and UvrAB complexes interrogate DNA for
lesions in real time (see Fig. 6) [104,105]. We made the astonishing discovery that UvrA
scans for damage by a relatively inefficient three-dimensional approach; however, the
addition of UvrB to UvrA causes a collapse in the search apparatus from a three-
dimensional to a one-dimensional sliding mechanism. It is worthy of note that Larry
Grossman had postulated such a sliding mechanism no less than 15 years earlier [106]. Neil
and his group have also found that UvrB and UvrC can combine on DNA and slide—
something we never envisaged during my tenure years ago in Aziz’s lab [107]. Caroline’s
focus has moved to eukaryotic NER, and the structure and function of XPD, a DNA helicase
[108], which we published contemporaneously with the results from two other groups
[109,110]. This protein works as part of the seven-membered TFIIH core complex to help
authenticate DNA lesions during eukaryotic NER. Thus XPD shares a similar function as
UvrB for damage verification [111].

Recently, Aziz and his group have characterized key proteins that control DNA damage
responses [112,113] and have discovered that DNA excision repair efficiency in mice and
humans exhibits a circadian rhythm [114-116], and that this may have important
implications for the etiology of some environmentally-induced cancers [115,117,118], as
well as translational value for chemotherapeutic approaches to treat cancer [119]. | am
confident that the enormous influence NER exerts on the molecular biology of the cell will
become increasingly evident as researchers discover new roles for NER proteins and
establish how components of the NER machinery participate in other cellular functions, such
as transcription, replication, damage signaling, cell cycle control and even nuclear
architecture involving actin filaments [120]. Aziz continues at the forefront of such research,
as shown by his recent study that employed a high throughput sequencing approach (coined
XR-seq) to analyze excised nucleotide fragments and create a genome-wide map of DNA
repair at the nucleotide level in human cells [121]. Knowing Aziz, his laboratory will
continue blazing new paths that we will all race to follow. The wondrous thing about science
is that the next big discovery always lies in front of us.
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%/

2013, Kad and Van Houten, single molecule dynamics of UvrB
and UvrC on DNA tightropes (107)

2010, Kad and Van Houten, single molecule dynamics of UvrA

" and UvrB on DNA tightropes (104)
< ~ 2008-2011, crystal structures of UvrA (48,126,127)
<——— 2007, Kisker and coworkers, crystal structure of C-terminal half
<« ofUvrC (97)
2006, Kisker and coworkers, crystal structure of UvrB-bound to
single strand DNA (96)
2005 Kisker and coworkers, crystal structure of the N-terminal
%\ half of UvrC (98)
1999, Three crystal structures of UvrB (92,94,95)
1995, Sancar and Wood laboratories, reconstitution of
mammalian NER with purified proteins (29,30)
1980’s-90’s, Friedberg, Prakashes’ and van de Putte labs
/ characterization of yeast NER genes and proteins (23-27).
1990, Tanaka and coworkers clone the mouse and human XPA
<——— genes (124)
1987, Sancar and coworkers, action mechanism of UvrABC on
/" psoralen monoadducts and DNA interstand crosslinks (39,40).
<——— 1986-89, Hanawalt and coworkers discover transcription-coupled
<——\_repair (58-61)

_\

1985, Grossman and Sancar laboratories, reconstitution of E.coli
NER with six purified proteins (20,21).

1984, Bootsma and coworkers clone the first human NER gene,
ERCC1 (123).

1983, Sancar and Rupp and Yeung and Grossman characterize

ﬁ the activity of purified UvrABC proteins (18,19).

1978, Seeberg reconstitutes UvrABC endonuclease activity from
partially purified E.coli cell extracts, (14).

. 1974, Regan and Setlow, identify two forms of excision repair in

—

«—

human cells, (4).

1968, Cox and Parry isolation of rad mutants in yeast (125); James
Cleaver showed defective repair in XP cells (2)

1964, Setlow and Carrier (5), Boyce and Howard-Flanders (6)
Pettijohn and Hanawalt (7), and Rasmusson and Painter
discovery of NER (8).

1958, Hill isolated UV sensitive mutants of B/R strain of E.coli (122).

1956, Witkin describes mutation frequency decline in E.coli (56).
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Timeline of key events in NER. Bacterial NER is placed into larger perspective of NER; due
to space limitations many important contributions are not shown during this 60 year period

[122-127].
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Fig. 2.

ngR in the mid-1980s. By 1985 NER was known to proceed as a dynamic process of
damage recognition and incision involving endonucleolytic incisions flanking the damaged
site, excision of the oligonucleotide, simultaneously with repair synthesis. Finally,
restoration of the repair patch into full length DNA was achieved with a ligase. The
molecular steps were known, but the action of each protein was not.
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Fig. 3.

Wgrking model for the repair of inter-strand DNA cross-links in bacteria. The UvrABC
proteins were shown to incise on one side of a psoralen cross-link. This gapped substrate
was processed by a RecA filament to generate a three-stranded intermediate. In a second
round of incisions, UvrABC was shown to act on the psoralen-cross-linked-excised
oligonucleotide. Gap filling by DNA polymerase | and ligation complete the repair process.
This incision/recombination/incision model is based on a previous model of Cole [38]. From
Ref. [76] with permission.
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Fig. 4.
Bacterial NER in the 1990s. Many of the key steps mediated by the UvrA, UvrB and UvrC

proteins were becoming known: UvrA and UvrB work together to recognize the lesion. In an
ATP-dependent step, UvrB engages the damaged nucleotide causing strand opening
allowing UvrA to dissociate. Recruitment of UvrC causes dual incisions 5" and 3 to the
damaged site. The dual action of UvrD and Pol | are necessary for gap filling and turnover
of UvrB and UvrC from the post incision complex. Finally DNA ligase works to seal the
newly completed repair patch. From Ref. [76] with permission.
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Fig. 5.

Current state of bacterial NER in 2015. Crystal structures for several key intermediates of
bacterial NER are shown. The dynamics of the interactions and the structures of several key
intermediates are not yet known.
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Single molecule analysis of UvrA and UvrB search strategies. UvrA and UvrB differentially
labeled with two differently colored Qdots were observed moving on DNA together. UvrA
does a three-dimensional search and the addition of UvrB causes one-dimensional sliding of
the UvrAB complex.

Adapted from [104,128] with permission.
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